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Preface 
This thesis consists of five chapters and is a collection of published and unpublished work. 
Chapter 1 is an introduction to the thesis and consists of a literature review of work relevant to 
the taxonomy, biology, ecology and vector role of Ctenocephalides fleas. This section 
highlights the gaps in current knowledge relating to these themes and presents the aims of the 
thesis targeting these gaps. The aims are addressed through original research work presented 
in the body of the thesis. 
The body contains three original research chapters (Chapter 2–4). Two of the chapters (Chapter 
2 and Chapter 4) are published articles. Chapter 3 has been submitted to the journal Molecular 
Phylogenetics and Evolution as a research article and is awaiting review.  
The research work in Chapter 3 and Chapter 4 was partially funded by the Faculty of Veterinary 
Science Intramural Collaboration Fellowship in collaboration with The Marie Bashir Institute 
for Infectious Diseases and Biosecurity (MBI), University of Sydney. A portion of the funding 
was used for state-of-the-art molecular deep-sequencing of flea microbial communities for the 
research article presented in Chapter 4. 
Chapter 5 consolidates the results presented in the thesis body with a general discussion that 
reviews the implications and impact of the research work. This chapter identifies avenues for 
further research and draws conclusions from the research presented. 
The end of the thesis is composed of four published research papers for which I am a co-author. 
These papers are directly relevant to the research presented in the body but not integral to the 
thesis as a whole and thus they are included as appendices. 
My contributions to each work are stipulated through a declaration preceding each chapter in 
the body of the thesis and in the appendices. For each work, all co-authors have given signed 
permission for inclusion of the paper in my thesis and as such all collaborations are indicated. 
All signatures were reviewed and approved by my supervisors prior to submission. 
During my candidature at the University of Sydney, I was supported by an Australian 
Postgraduate Award (APA) and received the University of Sydney Alumni Scholarship, which 
supported me in the first year of my candidature. The Australian Society for Parasitology 
(ASP), the University of Sydney and the Australian Biological Resources Study (ABRS) 
National Taxonomy Research Grant Programme (NTRGP) provided substantial funding to me 
throughout my candidature in the form of travel grants. This funding has enabled me to present 
my research at national and international conferences, as well as supporting international travel 
for research exchanges and training workshops. I am graciously indebted to these organisations 
for the positive impact they have affected on the progress of my work. 
 
 
 
	 ii 
Acknowledgements 
Often when I tell people about my doctoral project, I am accused of being ‘smart’ for 
pursuing a PhD. On the contrary, I don’t count myself as being exceptionally intelligent. 
Instead, I am simply (and often disastrously) persistent. Although a PhD can sometimes be a 
lonesome journey, the unhindered pursuit of knowledge and satiation of curiosity are rewards 
I deeply value and I am immensely proud of the resultant work herein. The completion of this 
thesis as well as my candidature would have been impossible without the support and 
encouragement of the precious people who have aided me throughout the last four years. 
The first and foremost of these are my supervisors: Dr Cameron Webb and Professor 
Jan Šlapeta. I am deeply indebted to both for guiding me through the peaks and troughs of my 
PhD and for allowing me to carve my own path. Over the last four years, they have moulded 
me into the researcher and indeed, the person that I am today. It is Jan who fostered my passion 
for research during my Honours and who has endlessly pushed me to reach my research 
potential, to constantly question and to be relentlessly curious. Jan has taught me to thirst for 
knowledge, to challenge dogmatic ideas and to be humble in areas of unfamiliarity. It is because 
of Jan that I pursued the path to a PhD and for this I am unreservedly grateful. 
Throughout my PhD, Cameron has been a steady and unwavering pillar of support. I 
am thankful for his kindness and his infectious passion for medical entomology and for science 
communication. Cameron has always kept my best interests in his sights and guided me with 
a gentle hand, many coffees and a series of sushi lunches including ‘donburi’ with a side of 
orange slices and life advice. I hope that now our conversation topics may span our shared love 
of entomology and the south coast of NSW as I continue to regard him as a good friend and an 
invaluable mentor. 
My day-to-day work in the lab was enriched by the comings and goings of many 
talented and wonderful colleagues. As the only other entomologist in the lab, my interactions 
with Professor David Emery were always refreshing and his dad jokes made lab-meetings more 
(un)bearable. I will treasure my discussions with Dr Graeme Brown, not to mention my delight 
for the various creatures that would enter the lab after his international jaunts. I thank Dr Mark 
Westman for his encouragement in my research and his general zest for life that never failed 
to cheer me up. To dear Sally Pope, I am grateful for fantastic lunch room banter and for the 
book club – a much needed distraction from my thesis. Thanks to my past honours students 
Rowena Chong and Shona Chandra for their patience and hard work. It has been a pleasure 
sharing the lab and office with Shona and Clarencia in the last half of my PhD. To my lab-
partners in crime: Kate, Nichola, Shannon and Christie; my PhD would have been insufferable 
were it not for their friendship and laughter, their shoulders to cry on and the sea of coffee and 
wine we consumed together. I am incredibly fortunate to count them as life-long friends. 
The second half of each academic year during my PhD was always brightened by my 
days spent teaching at the University of Technology, Sydney. Not only did I find and foster my 
passion for teaching, but I also gained marvellous friends in Joel, Alexa, Larissa, Rory, 
Tamalee and Maisie. I am especially grateful to Professor John Ellis and Dr Joel Barratt for 
sharing their enthusiasm for trypanosomatids with me and for letting me take up space in the 
iii 
UTS parasitology lab. Our collaboration was defined by their generous encouragement and 
facilitation of my ideas. 
I am obliged to the many enthusiastic colleagues and contacts too numerous to name, 
who have collected fleas for me over the past four years. They provide the material for my 
research and without them this thesis would not exist. 
My PhD candidature was dotted with incredible overseas trips for research training and 
exchange. On a trip to southern Italy for a parasitology workshop in 2014, I met my Belgian 
‘twin sister’ Charlotte. I am so grateful to have gained such a generous and caring friend. 
Charlotte has been an immense source of encouragement and guidance through the trials and 
tribulations of life inside a PhD. I look forward to the next chapter of our lives (post-thesis) as 
Charlotte continues to be my international confidante, life advisor and right-hand woman. 
In 2016, I spent two months at Aix-Marseille University, Marseille France where I 
embarked on a collaborative project with Professor Philippe Parola and Maureen Laroche. I 
am indebted to Phil for the opportunity to gain invaluable research (and life) experience during 
my time in his lab. I was lucky enough to be working side-by-side with Maureen, a talented 
scientist and dear friend who guided me through my stay in France, from MALDI-TOF analysis 
to Marseille nightlife. 
Maintaining work-life balance during my candidature was made possible by many 
wonderful friends who surrounded me with love and support no matter how long I took to reply 
to their text messages. Particular thanks go to Anna and Michael for their love and our 
wonderful culinary mini-adventures; to Taylor for commiserating and celebrating with me 
through our respective PhDs; to Monique for being a weekly breath of fresh air, for providing 
endless laughs and for being an irreplaceable friend. I am also grateful to my school friends 
who continue to support me through thick and thin. My loving thanks go to Emilee for always 
caring and checking in on me, as well as endlessly buying me gifts; to Steph, for making me 
laugh manically on a regular basis, for reading my thesis drafts (a daunting task for an English 
Literature major) and for (still) loving me after 22 years of friendship; to Rosemary and Jess 
for giving me sound advice, encouragement and many laughs over cups of tea and glasses of 
wine.  
As always, I am deeply indebted to my incredible parents, Jenny and Peter Lawrence 
who have endowed me with a curiosity for the world and a love of nature that extends from 
the smallest insect to the widest ocean; one of which I based my PhD on and the other, my 
source of calm and relaxation. My parents have fostered my love of all things small and 
neglected and cultivated in me a desire to always be humble, as well as a strong work ethic 
and an often challengingly ambitious nature. To my mum, Jenny: I did it! I conquered the 
PhD beast. I could not have done it without your endless love and support; now let’s never do 
that again. To my dad, Peter: Thank you for being unreservedly proud of me and for always 
being interested in my work, so much so that you read my papers and then boast about me 
to your various colleagues and friends around the world. 
iv 
To my three brothers Jay, Dean and Ben; thank you for your financial, emotional and 
editorial support over the last few years. Thanks for the pep talks and always having my back, 
I love you guys. To Nicole and Dee, the sisters I never had but always wanted, thank you for 
your love, your words of encouragement and the fun times spent together. I’m especially 
indebted to Nicole for reading and editing my thesis and for providing inspiration as the other 
‘Lawrence scientist’. Thank you to Lou and Matthew Rheinberger who have fed me countless 
meals during my PhD and plied me with laughter and wine. I am greatly appreciative of my 
grandparents Carlie and Alan Cash, who are always fascinated by my work, offer infinite praise 
and who provided the perfect beach house getaway to recoup during my PhD. Even though my 
grandparents Sue and Ronald Lawrence are not here now, I know they would be proud of me. 
My gratitude goes to Iago Rheinberger-Lawrence for simultaneously being the angel and the 
devil on my shoulder and for always chewing over my papers. 
And finally, to my darling Josh, the one who held my hand from start to finish. Thank 
you for your endless love and patience and for encouraging me through it all. Thank you for 
never doubting my ability and always being on my side. You are my ballast, steadying me 
when the seas are rough and providing the balance I needed to accomplish and enjoy my PhD. 
This would have been impossible without you. I am forever grateful, forever yours. 
And to all the fleas: May you reach for the stars… or at least a cat. 
v 
Publications, presentations and awards arising from candidature 
Publications 
Publications featured in this thesis 
Lawrence, A. L., Hii, S.-F., Jirsová, D., Panáková, L., Ionică, A. M., Gilchrist, K., Modrý, D., 
Mihalca, A. D., Webb, C. E., Traub, R. J. and Šlapeta, J. (2015). Integrated morphological 
and molecular identification of cat fleas (Ctenocephalides felis) and dog fleas 
(Ctenocephalides canis) vectoring Rickettsia felis in central Europe. Veterinary 
Parasitology, 210, 215-223. doi: http://dx.doi.org/10.1016/j.vetpar.2015.03.029. 
(Chapter 2) 
Lawrence, A. L., Hii, S. F., Chong, R., Webb, C. E., Traub, R., Brown, G. and Slapeta, J. 
(2015). Evaluation of the bacterial microbiome of two flea species using different DNA-
isolation techniques provides insights into flea host ecology. FEMS Microbiology 
Ecology, 91. doi: http://dx.doi.org/10.1093/femsec/fiv134. (Chapter 4) 
Publications arising from collaborative work 
Hii, S.-F., Lawrence, A. L., Cuttell, L., Tynas, R., Abd Rani, P., Slapeta, J. and Traub, R. 
(2015). Evidence for a specific host-endosymbiont relationship between 'Rickettsia sp. 
genotype RF2125' and Ctenocephalides felis orientis infesting dogs in India. Parasites & 
Vectors, 8, 169. doi: http://dx.doi.org/10.1186/s13071-015-0781-x. (Appendix 1) 
Chandra, S., Forsyth, M., Lawrence, A. L., Emery, D. and Šlapeta, J. (2017). Cat fleas 
(Ctenocephalides felis) from cats and dogs in New Zealand: molecular characterisation, 
presence of Rickettsia felis and Bartonella clarridgeiae and comparison with Australia. 
Veterinary Parasitology, 234, 25-30.  
doi: http://dx.doi.org/10.1016/j.vetpar.2016.12.017. (Appendix 2) 
Barratt, J., Kaufer, A., Peters, B., Craig, D., Lawrence, A., Roberts, T., Lee, R., McAuliffe, G., 
Stark, D. and Ellis, J. (2017). Isolation of Novel Trypanosomatid, Zelonia australiensis 
sp. nov. (Kinetoplastida: Trypanosomatidae) Provides Support for a Gondwanan Origin 
of Dixenous Parasitism in the Leishmaniinae. PLoS Neglected Tropical Diseases, 11, 
e0005215. doi: https://doi.org/10.1371/journal.pntd.0005215. (Appendix 3) 
Šlapeta, J., Lawrence, A. and Reichel, M. P. (2018). Cat fleas (Ctenocephalides felis) carrying 
Rickettsia felis and Bartonella species in Hong Kong. Parasitology International, 67, 
209-212. doi: https://doi.org/10.1016/j.parint.2017.12.001. (Appendix 4)
vi 
Presentations 
International conference presentations 
Lawrence, A. L., Webb, C. E., Šlapeta, J. (September, 2016). One thousand fleas from fifty 
countries: global genetic structure and morphometrics of the common cat flea (genus 
Ctenocephalides) reveals phylogeographic patterns and resolves the generic complex. 
Work presented at the International Congress for Tropical Medicine and Malaria 
(ICTMM). Brisbane, QLD, Australia. (15-minute oral presentation). 
Lawrence, A.L., Miret, J. and Šlapeta, J. (August, 2015). Genetic barcoding of fleas from 
urban-dwelling dogs in Paraguay. Presented by J. Miret on behalf of A.L. Lawrence at 
the 25th Congress of the World Association for the Advancement of Veterinary 
Parasitology (WAAVP). Liverpool, UK. (Poster presentation).
Lawrence, A. L., Hii, S-F., Jirsová, D. Panáková, L., Ionică, A. M., Gilchrist, K., Modrý, D., 
Mihalca, A. D., Webb, C.E., Traub. R. J., and Šlapeta, J. (July, 2015). Integrated 
morphological and molecular identification of cat fleas (Ctenocephalides felis) and dog 
fleas (Ctenocephalides canis) vectoring Rickettsia felis in central Europe. Paper 
presented at the combined New Zealand Society for Parasitology (NZSP) and the 
Australian Society for Parasitology (ASP) 2015 international conference. Auckland, 
New Zealand. (15-minute oral presentation).
Lawrence, A. L., Webb, C. E., Hill-Cawthorne, G., and Šlapeta, J. (July 2015). The effects of 
DNA isolation method on the diversity and composition of flea (Siphonatera) microbial 
communities resolved from microbiome analysis. Work presented at the combined New 
Zealand Society for Parasitology (NZSP) and the Australian Society for Parasitology 
(ASP) 2015 international conference. Auckland, New Zealand. (Poster and 2-minute oral 
presentation). 
Local conference presentations 
Lawrence, A. L., Webb, C. E., and Šlapeta, J. (October, 2015). The common cat flea: a 
phylogenetic story of the most ubiquitous ectoparasite and an underrated vector. Work 
presented at the Australian Entomological Society’s (AES) 46th annual meeting, Cairns, 
QLD, Australia. (15-minute oral presentation). 
Lawrence, A. L., Brown, G., Peters, B., Spielman, D. S., Morin-Adeline, V., and Slapeta, J. 
(July, 2014).	High phylogenetic diversity of the cat flea (Ctenocephalides felis) at two 
mitochondrial DNA markers. Paper presented at the Australian Society for Parasitology’s 
(ASP) 50th annual meeting. Canberra, ACT, Australia. (Poster and 5-minute oral 
presentation) 
vii 
Conference presentations arising from collaborative work 
Šlapeta, J., Lawrence, A. L., Reichel, M. (September, 2017). Cat fleas (Ctenocephalides felis) 
carrying Rickettsia felis and Bartonella species in Hong Kong. Oral presentation 
written and complied by A. L. Lawrence and presented by Prof. M. Reichel at the 26th 
Congress of the World Association for the Advancement of Veterinary Parasitology 
(WAAVP). Kuala Lumpur, Malaysia. (15-minute oral presentation). 
Šlapeta, J., Roeber, F., Brown, G., Westman, M., Lawrence, A. L., Casteriano, A., Higgins, D., 
Krockenberger, M., Smith, L., Stanley, K. (July 2014). Multiplex Tandem PCR: A 
platform for rapid detection and identification of pathogens in dog and cat faecal 
specimens. Paper presented at the Australian Society for Parasitology’s (ASP) 50th annual 
meeting. Canberra, ACT, Australia. (Poster presentation) 
Šlapeta, J. and Lawrence, A. L. (May, 2015). The world perspective on cat fleas: Will the real 
cat flea please stand up? Invited presentation at the Australian Veterinary Association’s 
(AVA) Pan-Pacific Veterinary Conference. Brisbane, QLD, Australia. (oral 
presentation). 
Invited presentations 
Lawrence, A. L. (March, 2016). Fleas, glorious fleas. Invited speaker at the general meeting 
of wildlife conservation group Oatley Flora and Fauna Conservation Society. Oatley, 
NSW, Australia 
Lawrence, A. L. (December, 2014). Lessons from ParSCo, Italy: The importance of an 
integrated scientific approach. Invited speaker at the Centre for Infectious Diseases & 
Microbiology - Public Health (CIDM-PH) and Marie Bashir Institute’s (MBI) joint 
medical entomology symposium: Beating the bite of emerging pest and vector-borne 
disease threats in Australia. Westmead Hospital, NSW Australia. 
Lawrence, A. L. (September, 2014). Fleas: the story of the most common ectoparasite and an 
underrated vector. Invited talk given to the attendees and organisers of III ParSCo 
international parasitology workshop. Basilicata, Puglia, Italy. 
Lawrence, A. L. (September, 2014). Fleas: the story of the most common ectoparasite and an 
underrated vector. Invited seminar presentation given to staff and students at the 
Department for Disease Control at the London School of Hygiene and Tropical Medicine. 
London, UK. 
viii 
Awards 
Australian Postgraduate Award (APA). Sydney Medical School, University of Sydney (March 
2014 – August 2017). 
Edith Mary Rose student travel scholarship. Sydney Medical School, University of Sydney 
(January, 2017). Received for research exchange at the Research unit on Infectious and 
Emerging Tropical Diseases (URMITE), Aix-Marseille University, Marseille, France. 
Postgraduate Research Support Scheme (PRSS). Sydney Medical School, The University of 
Sydney (2014 – 2016). 
Student Conference Travel Grant. Australian Society for Parasitology (ASP) (July, 2016). 
Received for travel to International Congress for Tropical Medicine and Malaria 
(ICTMM), Brisbane, Australia. 
William and Catherine McIlrath scholarship (University of Sydney Grants-In-Aid). University 
of Sydney (June, 2016). Received for research exchange at the Research unit on 
Infectious and Emerging Tropical Diseases (URMITE), Aix-Marseille University, 
Marseille, France. 
National Taxonomy Research Travel Grant. Australian Biological Resources Study (ABRS) 
(May, 2016). Received for travel to Heron Island for the 3rd International Workshop on 
Copepoda and symbionts. 
Awarded best student talk for the May round of the 2016 Westmead postgraduate seminars. 
Sydney Medical School, the University of Sydney (May, 2016). 
International Student Award for the Appreciation for the Natural History of Pest Insects. Tree 
Foundation and Ambrosia Symbiosis Research Group (January, 2015). Awarded for 
research paper entitled 'Evaluation of the bacterial microbiome of two flea species using 
different DNA-isolation techniques provides insights into flea host ecology'. 
Most meritorious scientific paper presented by a postgraduate at the scientific meeting of 
Australian Society for Parasitology (ASP) (July 2015). Received for oral presentation 
entitled ‘Integrated morphological and molecular identification of cat fleas 
(Ctenocephalides felis) and dog fleas (Ctenocephalides canis) vectoring Rickettsia felis 
in central Europe’ presented at the combined New Zealand Society for Parasitology 
(NZSP) and the Australian Society for Parasitology (ASP) 2015 international conference. 
Auckland, New Zealand. 
Student Conference Travel Grant. Australian Society for Parasitology (ASP) (July, 2015). 
Received for travel to the combined New Zealand Society for Parasitology (NZSP) and 
the Australian Society for Parasitology (ASP) 2015 international conference. Auckland, 
New Zealand. 
ix 
JD Smyth Postgraduate Travel Award. Australian Society for Parasitology (ASP) (September 
2014). Received for travel to international workshops in Seoul, South Korea (QIIME 
bioinformatics workshop) and Basilicata, Italy (ParSCo parasitology workshop); and 
research exchange in the British Museum of Natural History (BMNH), London, UK. 
Baillieu Research Scholarship and the G.H.S and I.R. Lightoller Scholarship (University of 
Sydney Grants-In-Aid). University of Sydney (July, 2014). Received for travel to 
international workshops in Seoul, South Korea (QIIME bioinformatics workshop) and 
Basilicata, Italy (ParSCo parasitology workshop); and research exchange in the British 
Museum of Natural History (BMNH), London, UK. 
Student Conference Travel Grant. Australian Society for Parasitology (ASP) (July, 2014). 
Received for travel to the 50th Australian Society for Parasitology annual meeting. 
Canberra, ACT, Australia. 
National Taxonomy Research Travel Grant. Australian Biological Resources Study (ABRS) 
(May, 2014). Received for travel to international workshops in Seoul, South Korea 
(QIIME bioinformatics workshop) and Basilicata, Italy (ParSCo parasitology workshop); 
and research exchange in the British Museum of Natural History (BMNH), London, UK. 
University of Sydney Alumni Scholarship for academic excellence and outstanding research 
potential. University of Sydney (March, 2014). 
Contribution to the scientific community 
Associate supervisor for research Honours student Shona Chandra at the Faculty of Veterinary 
Science, University of Sydney. December, 2015 – December, 2016. Project: Cat fleas 
(Ctenocephalides felis) in New Zealand: Population survey & presence of Rickettsia & 
Bartonella species. 
Associate supervisor for research Honours student Rowena Chong at the Faculty of Veterinary 
Science, University of Sydney. January, 2014 – December, 2014. Project: Genetic 
diversity of the cat flea (Ctenocephalides felis felis) at two mitochondrial gene regions 
within Australia. 
x 
Thesis abstract 
The genus Ctenocephalides Stiles and Collins, 1930 contains the most ubiquitous and 
significant flea ectoparasites worldwide. The common cat flea Ctenocephalides felis (Bouché, 
1835) is the most cosmopolitan species within the genus and invades human environments by 
infesting cats and dogs globally. As a result, C. felis is a pest to domestic animals and humans 
alike. This species causes significant dermatological pathology to pets and is a vector of 
zoonotic pathogens including Rickettsia felis, Bartonella spp. and the plague (Yersinia pestis) 
in endemic regions. Additionally, the costs to pet owners for annual flea control amounts to 
USD$15 billion worldwide. Despite the global medical, veterinary and economic significance 
of the cat flea, prior to this work little was known about its origins and how it came to be the 
most pervasive flea species on earth. 
Many researchers have recorded C. felis distribution in regional studies and assumed 
genetic and taxonomic homogeneity of cat fleas worldwide. There have been no expansive 
global surveys to confirm that the cat fleas in Greece are the same as those in New Zealand, 
for example, nor is there a rich trove of DNA sequences online with which to check. The 
paucity in genetic data for Ctenocephalides fleas means that the global population dynamics of 
C. felis and the phylogenetic relationships between the 14 described taxa within the genus are
unknown. The most important species C. felis historically comprises of four subspecies
(Ctenocephalides felis felis (Bouché, 1835), Ctenocephalides felis orientis (Jordan, 1925),
Ctenocephalides felis strongylus (Jordan, 1925) and Ctenocephalides felis damarensis Jordan,
1936). Since the original description, two subspecies (C. f. orientis and C. f. damarensis) have
been elevated to full species (C. orientis and C. damarensis, respectively), but molecular data
is currently unavailable and the adoption of these taxonomic revisions by researchers has been
poor. Thus, the taxonomy of C. felis, including the original four subspecies remains unresolved
and the implications of the taxonomic boundaries of the subspecies for zoonotic disease
transmission and pest control are unknown.
The primary objective of this thesis was to amass a global collection of Ctenocephalides 
fleas from cats and dogs to fill the gaps in our knowledge relating to the taxonomy, 
phylogenetics and vector role of these important parasites. Taxonomy is the bedrock of 
biological science and is particularly vital when a species or group of taxa present a threat to 
human and/or animal health. The research presented in this thesis therefore aims to resolve the 
taxonomic ambiguity surrounding the C. felis species and to elucidate its taxonomic and 
phylogenetic relationships with closely related species such as the dog flea Ctenocephalides 
canis (Curtis, 1826). For the first time, this work combines in-depth morphological and 
molecular analyses to resolve the taxonomic placement of C. felis and related species. This 
work simultaneously demonstrates the efficiency of mitochondrial DNA cytochrome c oxidase 
subunit I (cox1) gene marker for molecular identification and phylogenetic analysis of 
Ctenocephalides fleas. Throughout my candidature, a global collection of over 5000 fleas from 
57 countries across six continents was gathered, from which 517 Ctenocephalides fleas were 
sequenced at the cox1 gene. A further 24 specimens, including representatives from all 
collected Ctenocephalides species and subspecies, were subjected to multigene DNA 
sequencing that targeted two mitochondrial and two nuclear gene markers. This approach 
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determined a worldwide distribution of C. felis and C. canis in contrast to an Asia-only 
distribution of C. orientis and Africa-only distribution Ctenocephalides connatus (Jordan, 
1925) and supports the discovery of a putative new species. This integrated morphological and 
molecular work supports the existence of three C. felis subspecies: C. f. felis, C. f. strongylus 
and C. f. damarensis, the latter being demoted from full species. The data reveal that the 
African subspecies (i.e. C. f. strongylus and C. f. damarensis) are not conserved by genetic 
signature, only by certain morphological traits. Additionally, full species status for C. orientis 
is confirmed and a close phylogenetic and biological association with the dog flea (C. canis) is 
demonstrated.  
The global ubiquity of C. felis is common knowledge yet the ancestral origin, dispersal 
pathways and ecological drivers that shape the cosmopolitan distribution of this species were 
unknown prior to this work. Understanding the evolutionary dispersal pathways of 
synanthropic insects can give insights into the impact of human migration on parasite 
populations. This thesis aims to elucidate the origin and distribution of C. felis and related taxa, 
whilst evaluating bioclimatic drivers behind regional population structure. It was hypothesized 
that human migration combined with cat and dog domestication laid the foundations for 
dispersal that has allowed C. felis to become a globally successful parasite throughout varying 
climatic zones. High phylogenetic diversity within C. felis was discovered worldwide with the 
highest level of diversity found in Africa. Ancestral root analyses revealed ancient African 
populations and out-of-Africa origins and subsequent dispersal of C. felis. Haplotype analyses 
demonstrated that the most ubiquitous and abundant C. felis haplotype is globally distributed 
with representatives across all continents and it can be considered the archetypal cat flea. This 
work stipulates that haplotype dispersal and global population structure was defined by human 
migration and trade following cat and dog domestication.  
The cox1 sequence analysis of 517 fleas demonstrates that the global C. felis flea 
population is characterised by four widely distributed lineages. To investigate the climatic 
factors driving Ctenocephalides population structure, ecological niche modelling was applied 
to sequenced fleas using a suite of 19 bioclimatic variables along with the geographical 
coordinates of the flea collection sites. As a species, C. felis fleas fell into four climatically 
limited lineages, Temperate, Tropical I, Tropical II and African. Since the lineages were spread 
across several continents (with the exception of the African lineage), this work demonstrates 
that C. felis is not constrained by geographical barriers but by climatic factors such as 
temperature and precipitation. The distribution of the dog flea C. canis closely mirrored that of 
the Temperate lineage of C. felis and these were the only groups distributed across every 
continent. This novel research demonstrates the urgency to define the taxonomic boundaries of 
the C. felis lineages as well as the implications for pathogen transmission and pest control 
globally. 
Cryptic population diversity of vector species can impact pathogen transmission and 
augment associated zoonotic disease risks. The work presented in this thesis aimed to evaluate 
pathogen detection methods that allow simultaneous quantification and ecological 
investigations. To detect and quantify the zoonotic pathogens being carried by Ctenocephalides 
fleas, real-time PCR has been used to target Rickettsia and Bartonella bacterial DNA in a subset 
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of European fleas. Rickettsia spp. were detected in 21.2% of the fleas (including both C. felis 
and C. canis), demonstrating the public health risk presented by Ctenocephalides fleas that 
infest pet cats and dogs. The study also demonstrates that C. canis may play a role in pathogen 
transmission in areas where this flea is common (i.e. eastern and central Europe). The 
symbiotic interactions within the microbiome of a vector can impact on its capacity to transmit 
pathogens but prior to this work the microbiome of C. felis was unexplored. Next-Generation-
Sequencing (NGS) was utilised to evaluate the bacterial microbiome of two ecologically 
disparate fleas species residing in Australia: The synanthropic cat flea C. f. felis and the native 
echidna stickfast flea (Echidnophaga ambulans ambulans Olliff 1886). This work presents a 
‘best-practice’ framework for the detection of pathogens in vectors. The novel method 
combines taxonomy (retention of the insect exoskeleton) with the detection and quantification 
of known and novel pathogens and simultaneous evaluation of the vector’s microbiome. 
In this body of work, I demonstrate the importance of an integrated morphological and 
molecular approach for research on parasite and vector species. By marrying morphological 
taxonomy with molecular systematics and phylogeographic analyses, I resolve the taxonomy 
of C. felis and demonstrate cryptic diversity within the species that may have implications for 
zoonotic pathogen transmission. I show that from out-of-Africa origins, human movement and 
bioclimatic affinities define and conserve globally discrete lineages of C. felis. This work is 
the most comprehensive survey of global Ctenocephalides fleas thus far and the first to 
combine morphology with molecules for the analysis of the genus. The research provides a 
framework for the investigation of any unresolved taxa, particularly for globally distributed 
groups that impact upon human health, animal health, agriculture and global economics. The 
outcomes of this research make a significant contribution to the field of medical and veterinary 
entomology by providing taxonomic resolution of C. felis and by detailing the most effective 
and exhaustive technique for taxonomic inquiry of other medically or veterinary relevant 
arthropods. Using C. felis as a model, the work sheds light on the underlying mechanisms of 
evolutionary dispersal and population establishment of cosmopolitan insect species.
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1.1 Genus Ctenocephalides: An introduction 
Anyone who has ever owned a cat or a dog has likely encountered fleas and if so, those 
fleas probably belonged to genus Ctenocephalides Stiles and Collins, 1930. The name 
Ctenocephalides is given to a genus of fleas within the Pulicidae family, which contains most 
of the species responsible for significant medico-veterinary challenges around the world 
(Krämer & Mencke, 2001). Fleas of the genus Ctenocephalides infiltrate human lives in a 
subtle yet pervasive way, plaguing our cats, dogs and occasionally livestock with itchy skin, 
allergies and anaemia in severe infestations, whilst also occasionally biting humans (Bitam et 
al., 2010; Yeruham et al., 1989). These parasites are problematic for pets and their owners 
alike with the costs incurred in controlling them totalling US$15 billion per annum worldwide 
(Nisbet & Huntley, 2006). In addition, their capacity to transmit zoonotic disease agents such 
as Rickettsia and Bartonella bacteria identifies them as potential risks for public health (Bitam 
et al., 2010; Krämer & Mencke, 2001). 
Currently, there are 14 described taxa within the genus Ctenocephalides consisting of 
12 species and two subspecies of the cat flea Ctenocephalides felis (Bouché, 1835), including 
the nominate subspecies Ctenocephalides felis felis (Bouché, 1835) (Table 1). The species 
C. felis is the most important and globally ubiquitous within the genus, infesting cats and dogs
across every continent on earth and throughout a variety of ecological niches (Rust, 2017; Rust
& Dryden, 1997). There are historically four subspecies of C. felis including the cosmopolitan
nominate subspecies C. f. felis, Ctenocephalides felis orientis (Jordan, 1925) restricted to Asia
and two subspecies restricted to the African region: Ctenocephalides felis damarensis Jordan,
1936 and Ctenocephalides felis strongylus (Jordan, 1925) (Hopkins & Rothschild, 1953). Most
researchers now recognise C. f. orientis as a full species (C. orientis) based on morphological
and molecular distinction (Appendix 1; Ashwini et al. (2017); Lawrence et al. (2014); Ménier
and Beaucournu (1998)). Likewise, C. f. damarensis was raised to full species (C. damarensis)
based on morphological revisions and host preferences but, thus far, no molecular data is
available to support this claim (De Meillon et al., 1961; Haeselbarth, 1966; Louw & Horak,
1995; Ménier & Beaucournu, 1998). The work presented in this thesis confirms the full species
status of C. orientis and demotes C. damarensis to subspecies level. Thus, these taxa will
henceforth be referred to as C. orientis and C. f. damarensis throughout this thesis, except when
describing the taxa in a historical context and in chapters arising from previous publications
where redundant terminology is used.
The dog flea, Ctenocephalides canis (Curtis, 1826) is the second-most abundant flea 
worldwide and primarily infests canids, including dogs and wild canids such as jackals and 
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foxes (Beaucournu & Menier, 1998; Dobler & Pfeffer, 2011; Foley et al., 2017). The species 
C. felis (inclusive of the putative subspecies) and C. canis are cosmopolitan parasites that
occupy the space between animal and human interfaces, invading human homes via animal
companions. These species are therefore the most significant taxa in the genus not only in terms
of public and animal health but also as model organisms to explain how parasite populations
are impacted by human behaviours such as domestication and migration. Despite the
significance of these fleas, little is known of the taxonomic and phylogenetic relationships of
the species and subspecies or the phylogeography of global populations. Characterisation of
global C. felis and C. canis populations and resolution of Ctenocephalides taxonomy requires
an integrated approach using traditional morphological and molecular methods. The results
will give insights into the origin, dispersal and resultant global success of C. felis as parasites
and as vectors of disease. This thesis attempts to unravel some of the mystery surrounding the
worldwide dispersal, taxonomic rank and pathogen carriage of these tenacious parasites.
1.2 The cat flea: Lifecycle, biology and distribution 
Fleas (Siphonaptera) are laterally compressed, wingless insects that parasitise a wide 
range of mammalian and bird hosts. Along with all members of the genus Ctenocephalides, 
C. felis is characterised by the presence of combs or ‘ctenidia’ on both the pronotum and the
gena, on which the ctenidia are horizontally positioned (Figure 1.1) (Hopkins & Rothschild,
1953; Stiles & Collins, 1930). Like all fleas, the cat flea C. felis is holometabolous, undergoing
complete metamorphosis in its developmental lifecycle beginning with an egg stage, followed
by three larval instar stages, pupation, pre-adult formation and finally adult emergence (Figure
1.2) (Elbel, 1951; Engel, 2015; Krämer & Mencke, 2001). Following a 24-hour period of blood
feeding and subsequent mating, female adult cat fleas lay their eggs on the host and the eggs
fall into the surrounding environment where the remainder of the development cycle completes
(Figure 1.2)  (Thomas et al., 1996). For the most common and globally distributed subspecies,
C. f. felis, the eggs fall predominantly in pet bedding and indoor and outdoor surfaces open to
pet roaming (Krämer & Mencke, 2001).
Since all stages of the life cycle besides the parasitic adult occur off-host, environmental factors
such as ambient temperature, relative humidity and UV exposure significantly impact the
growth and survival of immature cat flea stages with optimal conditions for C. f. felis
development estimated to be 27 – 32°C at ≥50% relative humidity and low UV exposure (Kern
et al., 1999; Silverman et al., 1981). As a result, C. f. felis survival is generally most successful
when immature stages develop indoors (Dryden & Rust, 1994). Despite this, outdoor survival
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of C. felis was achieved year-round in north-central Florida (Kern Jr et al., 1999). Survival of 
immature stages was best in autumn from September to November when temperature and 
relative humidity is moderate, although the shortest development time was in the summer 
months (Kern Jr et al., 1999). Although survival was lowest in winter, immature stages were 
able to survive frost when protected in microhabitats such as a dog kennel (Kern Jr et al., 1999). 
This demonstrates how human behaviour helps to facilitate the persistence of C. felis 
populations in sub-optimal climatic and weather conditions and may partly explain the global 
ubiquity of the cat flea throughout a variety of climatic zones. Compounding this issue is the 
ability of C. felis to enter a quiescent period of up to 6 months as a pre-emerged adult inside 
the pupal cocoon (Figure 1.2), which can prolong adult survival under unfavourable 
environmental conditions and/or in the absence of a host (Metzger & Rust, 1997; Silverman & 
Rust, 1985; Silverman et al., 1981). The primary trigger initiating adult emergence from the 
cocoons is host-related stimuli including a combination of pressure and heat (Silverman & 
Rust, 1985). This is significant given that the preferred habitat for immature stages is carpets 
inside human dwellings. It has been reported that a person >75kg walking over the carpet will 
trigger the emergence of 97% of pre-adult cat fleas after only the fourth walk over the carpet 
(Silverman & Rust, 1985). 
Figure 1.1. Morphology of the cat flea, C. felis. Female C. felis labelled with 
morphological features. 
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Little is known about the growth rates and optimal environmental conditions for the 
African subspecies C. f. strongylus and C. f. damarensis due to their comparatively constricted 
geographic habitat range. Consequently, these subspecies have received less attention than 
their cosmopolitan counterparts. Only one study has documented the growth conditions for 
C. f. strongylus and showed that egg hatching and larval development differed little between
this subspecies and C. f. felis however, C. f. strongylus had a longer minimum development
time at higher optimal temperatures: 16-17 days at 29ºC for C. f. strongylus versus 15 days at
27ºC for C. f. felis (Yao et al., 2006).
There are no such studies available for C. f. damarensis. Although C. f. felis is found 
globally across all continents except Antarctica as a result of human-mediated migration of 
cats and dogs, C. f. strongylus distribution is restricted to the African region including the 
Arabian Peninsula and C. f. damarensis distribution is even further restricted to south and 
south-west Africa (Beaucournu & Menier, 1998). The drivers behind the restricted 
distributions of the two African subspecies are unknown, although host preference may play 
some role. Ctenocephalides f. felis is a highly promiscuous parasite with reports of infestation 
of a wide range of hosts including native Australian marsupials and humans, for example; 
however, cats and dogs remain their primary hosts and infestation of incidental hosts usually 
Figure 1.2. Schematic lifecycle of the cat flea, C. felis. Figure based on illustration by Scott 
Charlesworth, Purdue University USA. Based in part on Elbel, R. E., 1991, IN: Immature Insects, 
vol. 2. Available at: https://extension.entm.purdue.edu/publichealth/insects/flea.html 
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only occurs when a felid or canid host is unavailable (Beaucournu & Menier, 1998; Dunnet & 
Mardon, 1974; Rust, 2017; Rust & Dryden, 1997). This host promiscuity is not conserved 
across all the C. felis subspecies. The subspecies C. f. strongylus shares the same hosts as 
C. f. felis, albeit restricted to Africa, whereas C. f. damarensis has been discovered most
abundantly on scrub hares (Lepus saxatilis) in South Africa (De Meillon et al., 1961;
Haeselbarth, 1966). Although the occurrence of C. f. damarensis on dogs and cats is relatively
common, it is thought that this host plasticity may be the result of contact between predatory
carnivores (i.e. cats and dogs) and prey (i.e. scrub hares) (Beaucournu & Menier, 1998). Since
C. f. strongylus shares hosts with C. f. felis, it’s likely that other factors mitigate the global
dispersal of this subspecies such as sympatric resource competition with C. f. felis and slight
differences in their development cycle (Yao et al., 2006).
1.3 Biology and distribution of other Ctenocephalides species 
Most Ctenocephalides taxa are endemic to the African region with nine out of the 14 
taxa restricted to the African continent and one, Ctenocephalides arabicus (Jordan, 1925) 
found in the Arabian Peninsula and Mediterranean, namely Yemen, Israel and Lebanon 
(Beaucournu & Menier, 1998; Hopkins & Rothschild, 1953). Two taxa are restricted to Asia, 
namely Ctenocephalides paradoxuri Wagner, 1936 and C. orientis, and the remaining two taxa 
C. f. felis and C. canis are considered cosmopolitan (Beaucournu & Menier, 1998; Hopkins &
Rothschild, 1953). Four Ctenocephalides species (C. paradoxuri, Ctenocephalides brygooi
Beaucournu, 1975, Ctenocephalides chabaudi Beaucournu and Bain, 1982 and
Ctenocephalides grenieri Beaucournu and Rodhain, 1995) are extremely rare with two species
in particular (C. brygooi and C. grenieri) known only from the type material (Beaucournu &
Menier, 1998). Based on the African endemism exhibited by most Ctenocephalides species, it
is probable that Africa is the evolutionary origin of the genus but there is currently no empirical
evidence supporting this theory (Beaucournu & Menier, 1998; Zhu et al., 2015).
The dog flea, C. canis is considered to have cosmopolitan distribution, however it is 
much rarer than C. felis in most countries with the highest concentration of this species found 
in the Palearctic region, particularly central and eastern Europe (Beugnet et al., 2014; Chatzis 
et al., 2017; Farkas et al., 2009; Foley et al., 2017; Xhaxhiu et al., 2009). There are only rare 
occurrences in Asia (Chee et al., 2008; Ebrahimzade et al., 2016; Varagnol et al., 2009) 
(Appendix 1) and some cases are likely C. orientis that have been falsely identified as C. canis 
due to similarity in their cephalic morphology (Figure 1.3) (Beaucournu & Menier, 1998). 
There are cases of this species being found in the southern hemisphere in South America, 
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southern Australia and New Zealand, presumably transported by humans and their dogs 
(Appendix 2) (Alcaı́no et al., 2002; Dunnet & Mardon, 1974; González et al., 2004; Horta et 
al., 2006; Kelly et al., 2005; Venzal et al., 2006). Excepting C. felis, knowledge is limited on 
lifecycle development rates and optimal growth conditions for Ctenocephalides species. The 
limited data on C. canis show that the temperature range required for completion of the 
development cycle is narrow compared to C. f. felis (Baker & Elharam, 1992). Much like the 
unusual cosmopolitan distribution of C. f. felis, host promiscuity is not the norm in genus 
Ctenocephalides either. The dog flea C. canis is host-specific on canids, commonly infesting 
domesticated dogs and is the primary flea found on wild canids such as red foxes 
(Vulpes vulpes), golden jackals (Canis aureus) and wolves (Canis lupus) (Beaucournu & 
Menier, 1998; Foley et al., 2017; Hopkins & Rothschild, 1953; Meshgi et al., 2009). Although 
C. felis is more common on dogs than C. canis in a general sense, in some regions such as
Eastern Europe, C. canis is the most common flea on domestic dogs (Beugnet et al., 2014;
Farkas et al., 2009; Xhaxhiu et al., 2009). The lack of host plasticity of C. canis and their
affinity for canids is supported by evidence demonstrating that development can not be
completed when C. canis adults feed exclusively on cat hosts (Baker & Elharam, 1992).
The species C. orientis, restricted to Asia, primarily infests domestic dogs and small 
ruminants such as sheep and goats (Ashwini et al., 2017; Beaucournu & Menier, 1998; 
Changbunjong et al., 2009; Hopkins & Rothschild, 1953) (Appendix 1). For both C. canis and 
C. orientis infestation of cats has been recorded but occurrence on these hosts is somewhat rare
(Hopkins & Rothschild, 1953). Four Ctenocephalides species infest hyrax or ‘rock dassies’
(Procavia capensis), three species infest small carnivores including a civet in Madagascar,
civets (Paradoxurus spp.) and mongooses (Herpestes vitticollis) in Sri Lanka and mongooses
and ground squirrels (Xerus spp.) in South Africa (Table 1) (Beaucournu & Menier, 1998). The
primary host for one species (C. chabaudi) is unknown due to its rarity combined with
conflicting host reports, with some collected from bovine hosts (bay duiker
(Cephalophus dorsalis)) and the others from rodent hosts (Gambian pouched rat
(Cricetomys gambianus)) in Africa (Beaucournu & Bain, 1982; Colyn et al., 1994).
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Table 1.1. Summary of species within genus Ctenocephalides including taxonomic information and current taxonomic assignment based on previous 
revisions and work presented in this thesis. 
a Known only from type material – 7 females, 15 males  
b Known only by a small number of specimens collected bay duikers (Cephalophus dorsalis) (type host) and the Gambian pouched rat (Cricetomys 
gambianus). 
c Known only from 4 specimens including type material 
d Taxa are exceedingly rare
Taxa name Authority Year Primary host Type locality Distribution 
Current taxonomic 
assignment 
C. felis felis (Bouché) 1835 Cats and dogs Germany Cosmopolitan C. f. felis
C. felis strongylus (Jordan) 1925 Cats and dogs Kenya Africa and Arabian 
Peninsula 
C. f. strongylus
C. damarensis Jordan 1936 Scrub hares (Lepus saxatilis) and their 
predators: dogs and wild canids 
(jackals, foxes), cats 
Namibia South and south-
west Africa 
C. f. damarensis
C. orientis (Jordan) 1925 Dogs Sri Lanka Asia C. orientis
C. canis (Curtis) 1826 Dogs and wild canids (jackals, foxes, 
wolves) 
British Isles Cosmopolitan C. canis
C. connatus (Jordan) 1925 Cape ground squirrels (Xerus inauris) 
and their predators: mongooses 
(Herpestidae) 
South 
Africa 
Southern Africa C. connatus
C. rosmarus (Rothschild) 1907 Dassie/hyrax (Procaviidae) Ethiopia Africa C. rosmarus
C. craterus (Jordan and 
Rothschild) 
1913 Dassie/hyrax (Procaviidae) Kenya Africa C. craterus
C. arabicus (Jordan) 1925 Dassie/hyrax (Procaviidae) Yemen Africa C. arabicus
C. crataepus (Jordan) 1925 Ground squirrels (Xerus spp.) and 
hedgehogs (Atelerix spp.) 
Kenya Africa C. crataepus
C. paradoxuri Wagner 1936 Civets (Paradoxurus spp.) and 
mongooses (Herpestes vitticollis) 
Sri Lanka Sri Lanka d C. paradoxuri d
C. brygooi a Beaucournu 1975 Fossa fossana Madagascar Unknown (assume 
Africa) d 
C. brygooi d
C. chabaudi b Beaucournu 
and Bain 
1982 Unknown b Gabon Unknown (assume 
Africa) d 
C. chabaudi d
C. grenieri c Beaucournu 
and Rodhaln 
1995 Dassie/rock hyrax (Procavia capensis) Cameroon Unknown (assume 
Africa) d 
C. grenieri d
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1.4 Taxonomy of genus Ctenocephalides 
The genus Ctenocephalides belongs to the Archaeopsyllinae subfamily within family 
Pulicidae, many members of which are synanthropic and present significant medical challenges 
throughout the world (Bitam et al., 2010; Hopkins & Rothschild, 1953). Fleas in this genus are 
characterised by a horizontal genal comb that is lower than the margin of the eye and usually 
runs the entire length of the ventral margin of the head (Figure 1.1 and Figure 1.3); although 
in two species, the genal ctenidia are reduced so that only the anterior spines are retained. A 
pronotal comb containing at least 5-6 ctenidia is always present along with a strong internal 
incrassation above the antennal fossa and just above the oral angle at the margin of the frons 
(Figure 1.1 and Figure 1.3) (Hopkins & Rothschild, 1953; Stiles & Collins, 1930). The 
members of this genus are notoriously homogeneous in their morphology, and as such 
historical misidentification, nomenclature revisions (changed combinations) and repeated 
synonymous species descriptions have plagued the group (Beaucournu & Menier, 1998; 
Linardi & Santos, 2012). The trouble began with the initial, rather vague description of 
Pulex canis (Ctenocephalides canis) in 1826, a name which was also attributed to specimens 
later designated as Pulex felis (Ctenocephalides felis) (Beaucournu & Menier, 1998; Curtis, 
1826). Subsequently, there were several inadvertent redescriptions of the two species under 
now redundant names by various naturalists in the 1800s and early 1900s (Gervais, 1844; 
Kolenati, 1857; Mégnin, 1880; Neumann, 1914; Railliet, 1895). The taxonomic stalemate was 
consolidated in 1953 by the publication of Hopkins and Rothschild’s ‘An Illustrated Catalogue 
of the Rothschild Collection of Fleas’. Following this, three new and exceedingly rare species 
were described between 1975 and 1995 (Beaucournu, 1975; Beaucournu & Bain, 1982; 
Beaucournu & Rodhain, 1995). The 14 described taxa within the genus Ctenocephalides are 
listed in Table 1. 
1.5 Taxonomy of cosmopolitan Ctenocephalides: C. felis and C. canis 
The taxonomic status of the subspecies of C. felis has been subject to contention with 
numerous revisions to elevating C. f. orientis and C. f. damarensis to full species, whilst 
synonymising C. f. strongylus with C. f. felis (Beaucournu & Menier, 1998; De Meillon et al., 
1961; Haeselbarth, 1966; Hopkins, 1961; Horak, 1982; Ménier & Beaucournu, 1998). Even in 
Hopkins and Rothschild’s pivotal text (Hopkins & Rothschild, 1953) the authors raise 
questions regarding the validity of C. f. strongylus due to morphological ambiguity and 
consequent difficulty differentiating this subspecies from C. f. felis. This was exacerbated by 
the cosmopolitan distribution of the latter, which infests the same hosts and lives in sympatry, 
9
_______________________________________________________ Chapter 1: Introduction 
thus the two subspecies probably interbreed. The proposed elevation of C. f. orientis and C. f. 
damarensis to full species level is based on morphological variation of the male genitalia, 
namely the size and shape of the phallosome features including the hamulus, lobes, manubrium 
(Figure 1.4) and tubus interior (Ménier & Beaucournu, 1998).  
There is a severe lack of genetic information for Ctenocephalides with which to clarify 
the taxonomic and phylogenetic relationships of the species and subspecies. Morphologically, 
differentiation of the C. felis subspecies historically relies on cephalic profile (acute for 
C. f. felis and rounded for C. f. strongylus) (Figure 1.3), presence of micro-hairs behind the
antennal fossa in female fleas (C. f. orientis only) and the number of setae on the plantar surface
of fore-tarsi V in male fleas (4-6 in C. f. damarensis and 1-2 in all other congeners) (Figure
1.5). Another factor that complicates identification of Ctenocephalides species and subspecies
is common variations in chaetotaxy and cephalic profile shape (Linardi & Santos, 2012;
Marrugal et al., 2013). Differentiation of the two most common fleas infesting cats and dogs
globally (C. felis and C. canis) relies primarily upon the number of setae-bearing notches on
the hind tibia, number of setae on the lateral metanotal area (LMA) (Figure 1.6) and curvature
of the frons (Figure 1.3). Misidentification of both species can occur due to variations in
chaetotaxy where one species expresses features pertaining to the other (Linardi & Santos,
2012). Likewise, C. orientis and C. f. strongylus have been erroneously identified as C. canis
in tropical Asia and Africa respectively due to the similarity in the rounded cephalic profiles
in these species (Figure 1.3) (Beaucournu & Menier, 1998).
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Figure 1.3. Cephalic morphology of the Ctenocephalides taxa commonly infesting cats and dogs. Degree of frons curvature denoted by curved stoppered line. The 
two species with the most disparate profiles are indicated: C. f. felis, almost straight and C. canis, heavily rounded. Fleas are labelled with species or subspecies and sex. 
Scales represent 100 µm.  
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Figure 1.4. Morphology of male Ctenocephalides (sub)species. Images show manubrium (m) of male fleas. 
Ctenocephalides f. felis and C. felis damarensis possess a manubrium with a constricted apex, whilst for 
C. canis and C. orientis the apex of the manubrium is dilated, denoted by the stoppered line. NB: Phallosome
morphology in C. f. felis and C. f. strongylus is indistinguishable. Fleas are labelled with species or subspecies
and scale is 100 µm.
12
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Figure 1.5. Sex specific morphology of Ctenocephalides taxa. (A) Shows plantar surface of fore tarsi 
V of male C. felis subspecies. NB: The tarsal morphology of C. f. felis and C. f. strongylus is 
indistinguishable. Number of spiniform bristles on the plantar surface is denoted by black arrows: two 
for C. f. felis and six for C. f. damarensis. (B) magnified images of the post-ocular area including the 
occiput (a) and post-antennal fossa (b) of three species. Black arrows denote the number of setae on the 
occiput of C. f. felis (2 setae), C. orientis (2 setae) and C. canis (3 setae). White arrows denote the 
presence of micro-setae behind the antennal fossa of C. orientis females only. Fleas are labelled with 
species or subspecies and sex. Female specimens of C. f. damarensis are indistinguishable from C. f. 
felis females and are therefore not represented here. Scale bars represent 50 µm in (A) and 100 µm 
in (B).
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Figure 1.6. Setal morphology of C. felis, C. canis and C. orientis. Morphology of hind tibia 
(left) and lateral metanotal area (LMA) (right) for C. felis, C. canis and C. orientis. Arrows on 
the left-hand side denote number of setae bearing notches present on the dorsoposterior margin 
of the hind tibia of C. f. felis (6), C. canis (8) and C. orientis (7). Arrows on the right-hand side 
denote number of setae on the LMA with C. f. felis and C. orientis bearing two setae and C. canis 
bearing three.  
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Some authors reject the existence of any C. felis subspecies based on a lack of 
phylogenetic differentiation of C. felis isolates from geographically disparate populations that 
were sequenced at the internal transcribed spacer 1 (ITS1) and internal transcribed spacer 2 
(ITS2) gene regions (Vobis et al., 2004). This study did not evaluate subspecies morphology 
and since C. f. felis is cosmopolitan it is likely that the lack of differentiation could simply be 
a result of isolating the same group of taxa, rather than a selection of subspecies, especially 
since most the material was sourced from commercial flea colonies (Vobis et al., 2004). In 
contrast to the definition of a full species, the boundaries of sub-speciation are not defined by 
reproductive isolation, thus an absence of genetic variation does not preclude the designation 
of subspecies and evaluation of the morphology is essential (Mayr, 1942; Patten, 2015). After 
publication of Vobis et al. (2004), several other authors followed suit, using the ITS gene 
regions in an attempt to differentiate C. felis subspecies and C. canis (Marrugal et al., 2013; 
Mehlhorn et al., 2005; Zurita et al., 2016). In three studies, the authors noted incongruence 
between morphology and molecular delineation between C. felis isolates which suggests that 
the ITS gene region is not optimal for differentiating C. felis subspecies (Marrugal et al., 2013; 
Vobis et al., 2004; Zurita et al., 2016). This is possibly due to the multicopy nature of the ITS 
gene regions, which can result in intragenomic heterogeneity in some insect species, often 
obscuring phylogenetic relationships (Shapoval & Lukhtanov, 2015). 
Recently, Lawrence et al. (2014) designed and utilised mtDNA cytochrome c oxidase 
subunit I (cox1) and cytochrome c oxidase subunit II (cox2) gene regions for molecular 
identification and phylogenetic analysis of C. felis fleas from Australia, Fiji, Thailand and 
Seychelles. This method was used in combination with morphological identification and found 
that C. orientis was delineated monophyletically, whilst C. f. strongylus was nested 
paraphyletically within C. f. felis when rooted with the echidna flea (Bradiopsylla echidnae: 
Pygiopsyllidae). This supported the elevation of C. orientis as full species and resurrection of 
C. f. strongylus and C. f. felis as subspecies. The work demonstrated the efficiency of
mitochondrial DNA markers such as cox1 and cox2 to investigate intraspecific taxonomy and
phylogeny of Ctenocephalides. It is clear that an integrated morphological and molecular
approach is essential for identifying Ctenocephalides fleas given their morphological
homogeneity and the need to elucidate the phylogenetic history between and within species. In
addition, a broader study covering a global range and more taxa, including the fourth C. felis
subspecies (C. f. damarensis) is needed to characterise the species identities of Ctenocephalides
fleas and C. felis in particular.
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1.6 DNA barcoding for studying the identification and phylogeography of 
Ctenocephalides 
DNA barcoding is the molecular identification of taxa using a short (usually ~600bp) 
DNA sequence, coding for a single gene region, usually the cox1 mitochondrial gene (Hebert 
et al., 2003). The sequence is amplified and then compared against cox1 sequences from 
various taxa that are present in the database. When used in combination with morphological 
methods, DNA barcoding allows not only molecular identification to support morphological 
identification, but can also resolve inter and intraspecific phylogenetic relationships between 
taxa (Hajibabaei et al., 2007; Pires & Marinoni, 2010). By extension, DNA barcoding can be 
used to infer phylogeography of populations of widely distributed taxa (Cornils et al., 2017). 
The efficiency of cox1 DNA barcoding for molecular identification and phylogenetic analysis 
has been demonstrated with a vast range of arthropods including damaged and immature 
specimens and morphologically indistinguishable (or cryptic) species for example: Hebert et 
al. (2004); Lawniczak et al. (2010). Thus, DNA barcoding is a valuable accompaniment to 
morphological classification and a useful tool for the identification of Ctenocephalides species 
and the elucidation of their phylogeny. 
The DNA barcoding initiative did not reach flea research for over a decade after 
Hebert’s pivotal publication in 2003 (Hebert et al., 2003), although that is not to say that 
molecular methods were not being used at all. The most common marker used by researchers 
previously was the mtDNA cox2 gene because the fast-evolving gene allowed interspecific 
identification coupled with evaluation of population genetics within flea species (Brinkerhoff 
et al., 2011; de la Cruz & Whiting, 2003; Šlapeta et al., 2011). Alternatively, nuclear DNA 
(nDNA) markers such as the internal transcribed spacer 1 (ITS1) and internal transcribed 
spacer 2 (ITS2) have been utilised with limited success as described previously (Marrugal et 
al., 2013; Vobis et al., 2004). Additionally, combinations of mitochondrial and nuclear markers 
have been utilised to address taxonomic issues in Siphonaptera with mitochondrial markers 
demonstrating higher levels of diversity and superior power in taxa delineation and 
intraspecific phylogenetic analysis compared to nuclear markers (van der Mescht et al., 2015; 
Zurita et al., 2016). 
The cox1 gene marker was not employed until 2014, when Lawrence et al. (2014) 
designed primers for identification and phylogenetics of Ctenocephalides fleas at this marker. 
When cox1 and cox2 gene regions were compared, cox1 demonstrated higher rates of sequence 
variation and therefore greater resolution power for species identification and phylogenetic 
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reconstruction (Lawrence et al., 2014). The high level of phylogenetic diversity of C. felis 
populations within and across different countries demonstrates the need for classification of 
global genetic structure. To date, there has been limited investigation into whether C. felis 
populations from geographically disparate regions are genetically and morphologically 
uniform. Using DNA-isolation methods that retained the flea exoskeleton for slide mounting 
and further morphological scrutiny, allowed the identification of the fleas to subspecies level 
whilst investigating intraspecific relationships. This study was proof of concept for the 
effective use of an integrated approach using morphology and the cox1 gene marker in order 
to both identify Ctenocephalides fleas and study their phylogeographic relationships. 
1.7 Cat fleas as vectors of zoonotic disease 
Using DNA sequencing, researchers have discovered multiple morphologically 
indistinguishable sister species within the Anopheles gambiae mosquito complex — the 
primary vector of human malaria in sub Saharan Africa — that greatly differ in their ecology, 
behaviour and their ability to transmit Plasmodium parasites (Coetzee et al., 2013; Fontaine et 
al., 2015; Lawniczak et al., 2010). Similarly, cryptic diversity within mosquito species 
Culex annulirostris is suggested to play a role in the distribution of Japanese encephalitis virus 
in Australasia (Hemmerter et al., 2009; Hemmerter et al., 2007). These are demonstrable 
examples of how the elucidating the genetic profile of vector species can provide information 
on the risk of pathogen carriage and transmission. These examples highlight the paramount 
importance of detecting and characterising cryptic biodiversity within vector species.  
The ubiquity of C. felis in and around human dwellings and environments infesting 
companion cats and dogs, allows opportunities for transmission of zoonotic pathogens to 
humans. Due to the cosmopolitan distribution of C. felis, the risk of zoonotic pathogen 
transmission is widespread throughout the world. However, the global biodiversity of this 
species and its impact on pathogen transmission has not been defined. Synanthropic flea 
species are known to harbour a variety of pathogens as summarized in Bitam et al. (2010); but 
for C. felis, the most well documented and significant of these pathogens are the bacterial 
species in genera Bartonella and Rickettsia.  
The Bartonella group of bacteria are best known by the causative agent of cat scratch 
disease, Bartonella henselae primarily transmitted from the cat reservoir to humans by the 
contamination of infected flea frass into broken skin (e.g. a cat scratch!) (Chomel et al., 1996). 
The organism B. henselae was discovered as a causative agent of disease in 
immunocompromised HIV patients in a spout of studies spanning from 1990 until 1992 
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(Koehler et al., 1992; Regnery et al., 1992; Relman et al., 1990; Slater et al., 1990; Welch et 
al., 1992). This was followed by isolation of the pathogen from cats around the world, then 
from a range of animal hosts including but not limited to horses, sea turtles, and marine 
mammals (Breitschwerdt & Kordick, 2000; Breitschwerdt et al., 2010; Chomel et al., 2003). 
Since then, 36 species have been named excluding an additional 17 Candidatus species from a 
variety of arthropod and animal sources (Breitschwerdt, 2017). A total of 17 of these species 
have been associated with mammalian disease, with 14 species potentially causing illness in 
humans (Breitschwerdt, 2017). The ability for Bartonella bacteria to invade a variety of host 
cells means that the symptom range of associated disease is wide and varied, often obscuring 
diagnosis (Ben-Tekaya et al., 2013; Breitschwerdt, 2017). Fleas are considered the primary 
vector of Bartonella bacteria and C. felis is the known vector of at least four species that have 
been associated with human disease: B. henselae, B. clarridgeiae B. quintana and B. koehlerae 
(Bouhsira et al., 2013; Breitschwerdt, 2014). Bartonella is a growing concern in zoonotic 
vector borne disease research and as such detection and quantification of the bacteria in fleas 
is important to bolster current knowledge of its epidemiology. 
Arthropod-borne Rickettsia bacteria are significant zoonotic disease agents affecting 
human health worldwide (Raoult & Roux, 1997). The primary species carried and transmitted 
by C. felis is the aptly named Rickettsia felis (Blanton & Walker, 2017). Since its initial 
discovery in colony-reared fleas in 1990 (Adams et al., 1990), this bacterium and closely 
related strains have been isolated from Ctenocephalides fleas and humans across every non-
Antarctic continent, suggesting that human mediated dispersal of C. felis through cat and dog 
movement has probably led to the cosmopolitan distribution of this pathogen (Abdad et al., 
2011; Angelakis et al., 2016). Transmission of R. felis occurs through flea bites and 
contamination of broken skin with infected frass (Reif et al., 2011). Although the only 
confirmed biological vector is C. f. felis, R. felis has also been isolated from a range of 
arthropods and the malaria mosquito An. gambiae was recently suggested as a potential vector 
(Dieme et al., 2015; Higgins et al., 1994; Reif & Macaluso, 2009). With confirmed vertical 
and horizontal transmission of the pathogen between fleas, C. felis is suggested to be the 
reservoir host for the bacterium (Azad et al., 1992; Hirunkanokpun et al., 2011). Dogs have 
also been suggested as reservoir hosts based on the detection of R. felis DNA in the blood of 
nine dogs out of a total of 100 that were tested using PCR (Hii et al., 2011). If mammals such 
as dogs can act as reservoir hosts of R. felis as this study suggests, then trans-ovarial vertical 
transmission from an adult female to her progeny is important since C. felis have a low host 
switching rate of up to only 15% (Franc et al., 2013; Rust, 1994). After 48 hours of feeding, 
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C. felis are more likely to stay on the same host, which, assuming it fed on a naïve host and
was not infected via vertical transmission, would prevent acquisition of the bacteria by the flea,
thereby disrupting transmission cycles (Franc et al., 2013; Rust, 1994).
The pathogen R. felis as well as some genetically similar strains have been molecularly 
detected in wild-caught C. felis and C. canis worldwide, reviewed in: Brown and Macaluso 
(2016); Reif and Macaluso (2009). In India, 79.7% of C. orientis from dogs were infected with 
Rickettsia sp. genotype RF2125; a strain that shares 96% similarity with R. felis and has 
unknown human pathogenicity (Appendix 1). Due to the low prevalence of this strain found in 
C. f. felis in the same region (12.5%), a symbiotic relationship between C. orientis and
Rickettsia sp. genotype RF2125 was suggested (Appendix 1). However, further research is
needed to confirm this claim since other researchers have detected R. felis in 81.3% of
C. orientis in Laos (Varagnol et al., 2009) as well as Rickettsia sp. RF2125 in 100% C. f. felis
from Georgia, USA (n = 20) (Šlapeta & Šlapeta, 2016). In Africa, only one study identified
fleas to subspecies level and found that in the Democratic Republic of Congo, R. felis was
present in 26.3% of C. f. strongylus and 56.5% of C. f. felis, whilst in Tanzania, 65% of
C. f. strongylus were positive for R. felis (Leulmi et al., 2014). The ability for C. f. strongylus
to carry and potentially transmit R. felis is significant since the subspecies has been shown to
feed primarily on humans (87.5% of fleas) followed by cats (37.5% of fleas), based on blood
meal analysis of specimens collected in the Democratic Republic of Congo (Woods et al.,
2009). Additionally, R. felis circulates in both symptomatic and asymptomatic patients in
Africa and has been attributed to febrile illness in malaria endemic regions, where cases are
often misdiagnosed as malaria (Angelakis et al., 2016; Mediannikov et al., 2013). As such, the
endemic subspecies C. f. strongylus could potentially play a role in the transmission and cycling
of R. felis in Africa, although transmission trials are needed to confirm this hypothesis.
Nonetheless, it is obvious that inter and intraspecific identification is vital for understanding
the epidemiology of flea-borne pathogens worldwide and for estimating the risk of pathogen
transmission associated with differing flea populations.
Detection of these agents in fleas usually relies on conventional PCR and DNA 
sequencing obtained by crushing the specimens prior to DNA isolation. This is not ideal 
because after the initial morphological identification of the flea, the voucher is no longer 
available for revision. The effects of vector preparation (crushing versus whole) on the 
efficiency of detection has not been addressed. Since DNA isolation extracts whole DNA and 
conventional PCR is not quantitative, we cannot be certain whether positive results equal a 
genuinely infected flea, or whether the exterior surface of the flea exoskeleton is paratenically 
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contaminated by the bacteria. Therefore, quantification of the pathogens detected in vector 
species is important to elucidate epidemiology and transmission risk. Bacterial pathogens 
inhabiting vectors are commonly affected by the symbiotic residents of the arthropod host, for 
example: Bian et al. (2010); Glaser and Meola (2010). By analysing the microbiome of vector 
species, the detection of pathogens is possible whilst simultaneously inferring information 
about the ecology of the arthropod itself, including detection and quantification of symbiotic 
bacteria (Miller et al., 2013; Narasimhan & Fikrig, 2015). 
1.8 Knowledge gaps and thesis aims 
Despite the global economic and medico-veterinary importance of C. felis and related 
Ctenocephalides including C. canis and C. orientis, there is a severe paucity of phylogenetic 
work addressing the global taxonomy, phylogeography and population structure of these taxa 
worldwide. Such knowledge would give insights into any biological variations between 
geographical populations including the subspecies, which may hold implications for zoonotic 
disease transmission and pest control in household pets. There is urgency in resolving the 
taxonomy of C. felis species using an integrated morphological and molecular approach to 
consolidate the conflicting taxonomic research of the last 70 years. Chapter 2 and Chapter 3 
address this problem using a combination of traditional morphology and DNA barcoding 
techniques piloted in previous work (Lawrence et al., 2014). The high levels of genetic 
divergence between morphologically conserved C. felis populations demonstrate the need to 
classify the global cat flea population structure. Although we know that C. felis is ubiquitous, 
cosmopolitan and therefore evolutionarily successful, the origin and evolutionary dispersal 
pathways of the species are unknown. Chapter 3 of this thesis discusses the origin and 
subsequent global dispersal of C. felis by analysing global genetic structure, whilst determining 
the bioclimatic driving factors behind widespread diversification of the species. Although 
detection of Bartonella spp. and Rickettsia spp. in Ctenocephalides fleas has been widely 
demonstrated, research into the impact of local subspecies and genotypes on pathogen carriage 
and transmission is non-existent. The majority of studies detecting Rickettsia and Bartonella 
do not quantify the agents found in the fleas or analyse the ecological environment both inside 
and outside the vector that may affect the pathogenic agent and its transmission. Chapter 2 
uses a multiplex real-time PCR to detect and quantify Rickettsia and Bartonella pathogens in 
Ctenocephalides fleas that commonly parasitise canids and felids (both domestic and wild) 
including multiple C. felis haplotypes and C. canis. Chapter 4 pilots the use of microbiome 
analysis of vectors such as fleas to allow the detection and quantification of known pathogens 
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as well as exploratory detection of novel pathogens and analysis of the microbial ecology of 
the vector. 
This thesis aims to: 
1. Resolve the taxonomy of Ctenocephalides felis and related species using an integrated
morphological and molecular approach. (Chapter 2, Veterinary Parasitology 2015;
Chapter 3, submitted to Molecular Phylogenetics and Evolution, 2017)
2. Discover and define the origins, population structure and environmental drivers of
diversification of global C. felis populations (Chapter 2, Veterinary Parasitology
2015; Chapter 3, submitted to Molecular Phylogenetics and Evolution, 2017)
3. Utilise molecular methods to detect and quantify zoonotic pathogens carried by
Ctenocephalides fleas whilst inferring ecological information (Chapter 2, Veterinary
Parasitology 2015; Chapter 4, FEMS Microbiology Ecology, 2015).
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a b s t r a c t
Fleas of the genus Ctenocephalides are the most common ectoparasites infesting dogs and
cats world-wide. The species Ctenocephalides felis and Ctenocephalides canis are compe-
tent vectors for zoonotic pathogens such as Rickettsia felis and Bartonella spp. Improved
knowledge on the diversity and phylogenetics of ﬂeas is important for understanding ﬂea-
borne pathogen transmission cycles. Fleas infesting privately owned dogs and cats from the
Czech Republic (n=97) and Romania (n=66) were subjected to morphological and molec-
ular identiﬁcation and phylogenetic analysis. There were a total of 59 (60.82%) cat ﬂeas
(Ctenocephalides felis felis), 30 (30.93%) dog ﬂeas (Ctenocephalides canis), 7 (7.22%) European
chicken ﬂeas (Ceratophyllus gallinae) and 1 (1.03%) northern rat ﬂea (Nosopsyllus fasciatus)
collected in the Czech Republic. Both C. canis and C. felis felis were identiﬁed in Romania.
Mitochondrial DNA sequencing at the cox1 gene on a cohort of 40 ﬂeas revealed the cos-
mopolitanC. felis felis clade representedby cox1haplotype1 ispresent in theCzechRepublic.
A new C. felis felis clade from both the Czech Republic and Romania is also reported. A high
proportion of C. canis was observed from dogs and cats in the current study and phylogeny
revealed that C. canis forms a sister clade to the oriental cat ﬂea Ctenocephalides orientis
(syn. C. felis orientis). Out of 33 ﬂeas tested, representing C. felis felis, C. canis and Ce. gallinae,
7 (21.2%)were positive for R. felis using diagnostic real-time PCR targeting the gltA gene and
a conventional PCR targeting the ompB gene. No samples tested positive for Bartonella spp.
using a diagnostic real-time PCR assay targeting ssrA gene. This study conﬁrms high genetic∗ Corresponding author. Tel.: +61 2 9351 2025; fax: +61 2 9351 7348.
E-mail address: jan.slapeta@sydney.edu.au (J. Sˇlapeta).
http://dx.doi.org/10.1016/j.vetpar.2015.03.029
304-4017/© 2015 Elsevier B.V. All rights reserved.
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diversity of C. felis felis globally and serves as a foundation to understand the implication
for zoonotic disease carriage and transmission by the ﬂea genus Ctenocephalides.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction (Hopkins and Rothschild, 1953). These texts are extensive
and have their place in ﬂea taxonomy; however, there isFleas are the most common ectoparasites infesting cats
and dogs world-wide and can cause signiﬁcant pathology.
It is estimated that ﬂeas account for up to 50% of all cat
and dog dermatological cases presented at veterinary clin-
ics globally and ﬂea control products cost consumers more
than $1 billion annually in the USA alone (Krämer and
Mencke, 2001; Rust, 2005; Blagburn and Dryden, 2009).
The persistent interaction between humans and their pets
represents a signiﬁcant opportunity for the transmission
of zoonotic pathogens via ﬂea vectors. Feral cats and dogs,
as well as wildlife can be reservoirs of ﬂea-borne zoonotic
pathogens and may facilitate their dispersal and transmis-
sion between urban and peri-urban environments (Case
et al., 2006; Schex et al., 2011). Although there is extensive
data describing the presence of zoonotic pathogens such
as Rickettsia and Bartonella in ﬂeas and animals in Europe,
there is a lack of data relating to the ﬂea vectors themselves
(Melter et al., 2003; Rolain et al., 2003; Shaw et al., 2004;
Blanco et al., 2006; Sréter-Lancz et al., 2006; Just et al.,
2008). The common cat ﬂea, Ctenocephalides felis (Bouché,
1835) (Siphonaptera: Pulicidae), and the dog ﬂea, C. canis
(Curtis, 1826), represent the majority of ﬂeas infesting
companion animals globally (Visser et al., 2001; Bond et al.,
2007; Farkas et al., 2009; Beugnet et al., 2014; Lawrence
et al., 2014). In contrast to previously held opinion, a recent
study across several eastern European countries showed
that the prevalence of dog ﬂeas, C. canis, and human ﬂeas,
Pulex irritans (Linnaeus, 1758), ondogswashigher than that
of C. felis (Beugnet et al., 2014). In Australia, C. felis is the
dominant ﬂea on pets in veterinary clinics, with almost no
C. canis reported apart from rare or historical cases (Sˇlapeta
et al., 2011; Lawrence et al., 2014). In fact, Australia sees
a relatively low genetic diversity of the cat ﬂea with only
two established mitochondrial cox2 haplotypes found in
27 ﬂeas across the country (Sˇlapeta et al., 2011; Lawrence
et al., 2014). This is low in comparison to countries such
as Thailand and Fiji, where high genetic diversity was
demonstrated in less than 10 ﬂeas per country (Sˇlapeta
et al., 2011; Lawrence et al., 2014). Population structure
studies of vectors provide insights into how genetic varia-
tion and phylogeography can reﬂect differences in vector
capability. Genetic variation in vector populations can mir-
ror pathogen ﬂow, particularly for vertically transmitted
pathogens associated with the vector such as Bartonella
spp. and Rickettsia spp. (de la Cruz and Whiting, 2003).
Although C. felis felis and C. canis are readily distin-
guishable taxonomically, chaetotaxic variation is common,
which presents challenges for researchers and technicians
inexperienced with ﬂea taxonomy (Linardi and Santos,
2012). In particular, the classiﬁcation of the sub-species of
C. felis can be abstruse where differentiation relies heavily
on variable morphological features such as the curvature
of the frons or head described in antiquated literaturea need for updated information regarding the classiﬁca-
tion of ﬂeas of the genus Ctenocephalides Stile and Collins,
1930 using both morphological and molecular techniques
to enable a better understanding of their vector capability.
To date there is limited research exploring the molecular
classiﬁcation of ﬂeas in the genus Ctenocephalides (Vobis
et al., 2004; Lawrence et al., 2014). When reviewed in con-
junction with morphological taxonomy, the use of current
molecular techniques such as ‘DNA barcoding’ is highly
beneﬁcial to differentiate taxa (Hebert et al., 2003).
The gene ﬂow of vectors and their pathogens is directly
associated with the presence and movement of hosts (de la
Cruz andWhiting, 2003). Prediction of vector andpathogen
movement based on host interactions is especially difﬁcult
in the case of Ctenocephalides given the world-wide ubiq-
uity of their dog and cat hosts and the generalist nature
of these ﬂeas. This, as well as the close association of the
dog and cat hosts with humans makes genetic analysis of
Ctenocephalides ﬂea populations especially pertinent.
In this study, ﬂeas from cats and dogs on privately
owned dogs and cats in the Czech Republic and Roma-
nia were morphologically and genetically characterised to
subspecies and haplotype level. Fleas were screened for
Rickettsia spp. and Bartonella spp. with the aim of bet-
ter understanding the relationship between household ﬂea
populations and their vector potential.
2. Materials and methods
2.1. Flea collection, extraction of the total DNA and
mounting of the ﬂea exoskeleton
Fleaswere collected fromtheCzechRepublic andRoma-
nia (Fig. 1). In the Czech Republic, ﬂeas (n=97) were
collected opportunistically from privately owned dogs and
cats visiting veterinary clinics in nine different towns, for
detail on locality see Table 1. Fleas were collected as pools
from dogs and cats over a 6 week period in May/June, each
pool represents ﬂeas from multiple hosts from a single vet-
erinary clinic. In Romania, ﬂeas (n=66) were collected on
privately owned dogs (20) and cats (5) from Chilia Veche
(45.4167◦ N, 29.2833◦ E) in Tulcea County in the Danube
Delta.
Total DNA was extracted from ﬂeas from the Czech
Republic whilst retaining ﬂea exoskeletons (Whiting et al.,
2008; Lawrence et al., 2014). DNA was isolated using Iso-
late II Genomic DNA kit (BioLine, Australia) as previously
described (Lawrence et al., 2014). DNA was eluted into
50L of Tris buffer (pH=8.5) and stored at −20 ◦C. The
ﬂea exoskeleton was soaked in 10% KOH for approximately
an hour. Exoskeletons were dehydrated using a series of
ethanol washes (70%, 80%, 95%, absolute) for 1h each, and
slide-mounted in Euparal (Ento Supplies, Australia). The33
A.L. Lawrence et al. / Veterinary Parasitology 210 (2015) 215–223 217
Fig. 1. Comparison of morphological features of Ctenocephalides felis felis and Ctenocephalides canis female and male. (A) Ctenocephalides felis felis female
and male (below). The species C. felis felis is characterised by an acutely angled frons (a) and head appears ‘pointier’ than C. canis. The dorsal incrassation
(b) in this species is long and narrow and the ﬁrst spine (c) of the genal ctenidia exceeds at least half of the second in length. An important distinguishing
factor for C. felis felis is the presence of a single notch bearing a stout setae between the postmedian and apical setae on the dorso-posterior margin of the
hind tibia (d). The lateral metanotal area (LMA) of C. felis felis usually bears 2 setae (e) and the tergal spiracles (f) are conspicuously smaller than in C. canis.
(B) C. canis female and male (below). Generally C. canis appears to have more bristles compared to C. felis felis and other species in the genus. Unlike C.
felis felis, C. canis has a bluntly rounded frons or head (a) and a short stout dorsal incrassation (b). The ﬁrst spine (c) of the genal ctenidia is equal to or less
than half the length of the second spine. The dorso-posterior margin of the hind tibia bears two notches with stout stetae (d) between the postmedian and
apical setae. The LMA (e) usually bears 3 setae in this species and the tergal spiracles (f) are conspicuously larger than in C. felis felis and other species in
the genus.
slides were donated to the Australian National Insect Col-
lection (ANIC) in Canberra, Australia. Total DNA from ﬂeas
f
t
p
f
1
2
c
(
t
(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′)/HC02198
(5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) (FolmerromRomaniawas isolatedwithout retaining the exoskele-
on according to Zavodna et al. (2008).
Fleas were identiﬁed morphologically using a com-
ound microscope with the aid of keys and descriptions
rom literature (Holland, 1951; Hopkins and Rothschild,
953; Dunnet and Mardon, 1974).
.2. Ampliﬁcation of the mitochondrial encoded
ytochrome c oxidase subunit I and ﬂea phylogeny
A 5′ fragment of the cytochrome c oxidase subunit I
cox1) coding for COX1 protein was PCR ampliﬁed using
he generic invertebrate ampliﬁcation primers: LCO1490et al., 1994) and Cff-F [S0367] (5′-AGA ATT AGG TCA ACC
AGG A-3′) and Cff-R [S0368] (5′-GAA GGG TCA AAG AAT
GAT GT-3′) (Lawrence et al., 2014). Reactions of 30 or
25L contained MyTaq Red Mix (BioLine, Australia) or PPP
Master Mix (Top-Bio, Czech Republic) and approximately
1–100ng of genomic DNA template (2L). The cycling
conditions were as follows: denaturing at 95 ◦C for 1min
followed by 35 cycles of 95 ◦C for 15 s, 55 ◦C for 15 s, 72 ◦C
for 10 s, and a ﬁnal elongation for 5min at 72 ◦C. The PCRs
were conducted in a Veriti Thermal Cycler (Life Sciences,
Australia) or a T3000 Thermocycler (Biometra, Göttingen,
Germany) alongside sterile PCR-grade water as negative
control and a positive control with ﬂea DNA known to34
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Table 1
Summary of ﬂeas collected from dogs and cats in the Czech Republic.
Sample pool ID Locality Longitude–latitude Species (number of ﬂeas) Sex Voucher ID and sex for sequenced specimens
AL342 Zˇd’ár nad
Sázavou
49.5650◦ N, 15.9406◦ E Ctenocephalides canis (6) 3♀ 3♂ AL342-1♂, AL342-2♂, AL342-3♂, AL342-4♀,
AL342-5♂
AL343 Pardubice 50.0386◦ N, 15.7792◦ E Ctenocephalides felis felis (1) 1♀ AL343-1♀
AL344 Muteˇnice 48.9039◦ N, 17.0289◦ E Ctenocephalides felis felis (19),
Nosopsyllus fasciatus (1)
17♀ 3♂ AL344-1♂, AL344-2♀, AL344-3 (N. fasciatus)♂
AL345 Louny 50.3572◦ N, 13.7969◦ E Ctenocephalides felis felis (6) 4♀ 2♂ AL345-1♂, AL345-2♀
AL346 Dolní Benesˇov 49.9219◦ N, 18.1078◦ E Ctenocephalides canis (1) 1♀ AL346-1♀
AL347 Cvikov 50.7758◦ N, 14.6333◦ E Ctenocephalides canis (22) 14♀ 8♂ AL347-1♂, AL347-2♀, AL347-3♀, AL347-4♂
AL348 Kladno 50.1500◦ N, 14.1000◦ E Ctenocephalides canis (1),
Ctenocephalides felis felis (13)
11♀ 3♂ AL348-1 (C. canis) ♀, AL348-2♂, AL348-3♀
AL349 Tisˇnov 49.3333◦ N, 16.4167◦ E Ctenocephalides felis felis (5) 4♀ 1♂ AL349-1♀, AL349-2♀
AL350 Louny 50.3572◦ N, 13.7969◦ E Ctenocephalides felis felis (3) 3♀ AL350-1♀, AL350-2♀
AL351 Louny 50.3572◦ N, 13.7969◦ E Ctenocephalides felis felis (5) 2♀ 3♂ AL351-1♂, AL351-2♀, AL351-3♂, AL351-4♂,
AL351-5♀
AL352 Louny 50.3572◦ N, 13.7969◦ E Ceratophyllus gallinae (1) 1♀ AL352-1♀
AL353 Louny 50.3572◦ N, 13.7969◦ E Ceratophyllus gallinae (6) 5♀ 1♂ AL353-1♀, AL353-2♂
AL354 Jablonec nad
Nisou
50.7244◦ N, 15.1681◦ E Ctenocephalides felis felis (7) 6♀ 1♂ AL354-1♂, AL354-2♀
amplify at these conditions (Lawrence et al., 2014). Result-
ing products were resolved in 1.5% (w/v) agarose. All
amplify Rickettsia genotypes related to R. felis (Hii et al.,
2015). All PCRs were run with a negative control of sterilePCR products that yielded an unambiguous single band
product of the expected size were directly and bidirec-
tionally sequenced after puriﬁcation using ampliﬁcation
primers at Macrogen Inc. (Seoul, Korea). All sequences
were assembled, aligned with related sequences and ana-
lysed using CLC Main Workbench 6.9 (CLC bio, Denmark)
and deposited in GenBank (National Centre for Biotech-
nology Information, NCBI) under the Accession numbers:
KP684188–KP684215.
Evolutionary analyses were conducted in MEGA6.06
(Tamura et al., 2011). Multiple sequence alignment
was constructed with all available SSU rDNA sequences
belonging to deﬁned clades. Sequence divergences were
calculated using the Kimura 2 parameter (K2P) distance
model, and phylogenetic tree was inferred using minimum
evolution and the bootstrap support inferred from 1000
replicates.
2.3. Diagnostic Rickettsia real-time PCR and
conventional PCR
Two PCR assays were initially applied to screen for Rick-
ettsia spp. in a subset of 33 ﬂeas. A diagnostic TaqMan
probe real-time PCR assay targeting the gltA gene of Rick-
ettsia spp.was applied for thedetectionofRickettsia (Stenos
et al., 2005), with modiﬁcations (Hii et al., 2013). Reac-
tions were performed in a 10L mixture containing KAPA
Probe Fast qPCR mastermix (KAPA Biosystems), 400nM of
each forward and reverse primer, 200nM of probe and
2L of extracted DNA. For each run, a negative control of
sterile PCR-grade water and a positive control of cultured
Rickettsia conorii was included in the real-time PCR assay.
A second conventional PCR assay using ompB-F/ompB-R
primer pairs targeting ompB gene of spotted fever rickett-
siae was performed in parallel (Paris et al., 2008; Hii et al.,
2011b). PCRs positive for the expected band size for Rick-
ettsia for both gltA qPCR and ompB PCRs were further
subjected to a nested R. felis-speciﬁc PCR targeting gltA
gene (Hii et al., 2011a). This nested PCR is also known toPCR-grade water and a positive control with DNA known
to amplify at these conditions from a previous study (Hii
et al., 2011a). Resulting products were resolved in 1.5%
(w/v) agarose. All PCR that yielded an unambiguous sin-
gle band product (∼300bp for ompB, ∼650bp for gltA)
were directly and bidirectionally sequenced using ampliﬁ-
cation primers at Macrogen Inc. (Seoul, Korea). Sequences
were assembled, aligned with related sequences and ana-
lysed using CLC Main Workbench 6.9 (CLC bio, Denmark)
and deposited in GenBank (National Centre for Biotech-
nology Information, NCBI) under the Accession numbers:
KP749467–KP749474.
Evolutionary analyses were conducted in MEGA6.06
(Tamura et al., 2011). Multiple sequence alignment was
constructed with a selection of reference sequences of
ompB and gltA sequences. Sequence divergences were
calculated using the Kimura 2 parameter (K2P) distance
model, and phylogenetic tree was inferred using minimum
evolution and the bootstrap support inferred from 1000
replicates.
2.4. Diagnostic Bartonella real-time PCR and standard
curve using Bartonella control plasmid
A diagnostic TaqMan probe real-time PCR assay target-
ing Bartonella region of the ssrA gene for the quantitative
detection of Bartonella was adopted from a previously
published assay (Diaz et al., 2012). The reaction volume
of 20L, included 400nM and 100nM concentration of
primers and probe, respectively, and 2L of template DNA
with SensiFAST Probe No-ROX Kit (Bioline, Australia). PCR
was performed in duplicate using the following conditions:
3min at 95 ◦C followed by 40 cycles of 10 s at 95 ◦C and 20 s
at 60 ◦C. Each run included no template control (NTC) and
serial dilutions (107 to 101) of the control plasmid DNA.
Originally, Diaz et al. (2012) ran the real-time PCR assay for
45 cycles, which we altered to 40 cycles, because 45 cycles
did not improve the sensitivity based on a plasmid control.
The ampliﬁcation on CFX96 and data were analysed with35
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Fig. 2. Phylogenetic relationships of ﬂeas in the genus Ctenocephalides based on nucleotide sequence of the cox1 mtDNA. The tree was inferred using the
minimum evolution method with distances calculated using Kimura 2-parameter method. There were a total of 658 positions in the ﬁnal dataset. For the
tree shown, all ambiguous positions were removed for each sequence pair (pairwise deletion). The numbers above the branches indicate percentage of
1000 replicate trees in which the associated taxa clustered together in the bootstrap test (pairwise deletion). The complete deletion option retained a total
of 513 positions in the ﬁnal dataset. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The tree was rooted using Bradiopsylla echidnae and Ceratophyllus gallinae cox1 mtDNA sequences (dotted line, a branch length was
reduced by half). The scale is in the units of the number of base substitutions per site. Evolutionary analyses were conducted in MEGA6. Flea species and
C. felis subspecies (felis, strongylus) is shown on the right and terminal nodes are labelled with their unique identiﬁer and country of origin. Symbols and
colours correspond to maps of Europe and the Czech Republic in insets. Rickettsia positive ﬂeas are indicated by respective gene symbol.
the corresponding software (BioRad, Australia). The arbi-
trary real-time PCR threshold was set to a single threshold
a
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(
to 101) used to produce standard curves for copy number
quantiﬁcation.t 100 rfu. Oligonucleotides and labelled oligonucleotides
ere synthesised by Macrogen Inc. (Seoul, Korea).
The plasmid control contained a region of the ssrA
ene of Bartonella henselae with TAA AGC TAC GAC
AC GAG TAC TAA coding for SYDNEY ﬂanked by stop
odons in a pMA-T backbone (GeneArt, Life Technologies,
ustralia). Three independently isolated plasmids veriﬁed
y sequencing and concentration quantiﬁed using a Nano-
rop 1000 (Thermo, Australia) were linearised using KpnI
New England Biolabs) and their 10× serial dilutions (1073. Results
Four species of ﬂeas (n=97) were collected from
veterinary clinics around the Czech Republic (Table 1,
Figs. 1 and 2). These included 59 (60.82%) cat ﬂeas – C. felis,
30 (30.93%) dog ﬂeas – C. canis, 7 (7.22%) European chicken
ﬂeas – Ceratophyllus gallinae (Schrank, 1803) and 1 (1.03%)
northern rat ﬂea – Nosopsyllus fasciatus (Bosc, 1800). There
were two cases of mixed ﬂea infection on a single host, one36
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with C. felis and the single N. fasciatus, and the other C. felis
with a single C. canis (Fig. 1, Table 1). In Romania only C.
Fig. 3. Phylogenetic relationships of Rickettsia spp. at ompB gene. The
tree was inferred using the minimum evolution method with distances
calculated using Kimura 2-parameter method. There were a total of 251
positions in the ﬁnal dataset. For the tree shown, all ambiguous positions
were removed for each sequence pair (pairwise deletion). The numbers
above the branches indicate percentage of 1000 replicate trees in which
the associated taxa clustered together in the bootstrap test. The tree was
rooted using Rickettsia prowazekii ompB gene sequence. The scale is in the
units of the number of base substitutions per site. Evolutionary analyses
were conducted in MEGA6.
sp. ‘RF2125’ compared to C. felis felis associated with
Rickettsia felis (Hii et al., 2015). The new approach utilisingfelis felis and C. canis were present.
The DNA from a subset of 40 ﬂeas represented by 3
species (C. felis, C. canis and Ce. gallinae) from the Czech
Republic (n=28) and Romania (n=12) was extracted and
cox1 sequenced to infer their phylogenetic position (Fig. 2).
Fleas characterised at cox1 belonging to C. felis from Roma-
niawere collectedon twocats (CJ002030, 2ﬂeas;CJ002063,
4 ﬂeas), while C. canis were collected on dogs (CJ002018,
2 ﬂeas; CJ002075, 4 ﬂeas). A new C. felis cox1 clade was
detected in the Czech Republic and Romania. Previously,
four distinct clades were recognised to represent C. felis
felis and C. felis strongylus (Lawrence et al., 2014). The new
clade represented the only C. felis clade recovered from
the Danube Delta in Romania (Fig. 2). The ﬂeas identiﬁed
morphologically as C. felis felis are indistinguishable from
described cosmopolitan haplotype 1 (h1) (Lawrence et al.,
2014).
Six out of 33 ﬂeas from the Czech Republic were
positive for Rickettsia spp. in a duplicate real-time PCR
run targeting gltA gene (citrate synthase gene) with an
average Ct value of 38.1 (min. 35.9, max. 39.6) (Fig. 2,
Supplementary Table S1). Conventional PCR targeting the
ompB gene conﬁrmed the results of the gltA PCR as well as
detecting Rickettsia spp. in an additional sample (AL347-1)
with a total prevalence of 21.2% (Supplementary Table S1).
Conventional PCR targeting the ompB gene and consequent
DNA sequencing demonstrated six ﬂeas with sequences
of 100% identity to R. felis ompB and a single sequence
identical to Rickettsia sp. genotype “RF2125”. Phylogenetic
analysis conﬁrmed sister grouping of the ompB gene
sequence from R. felis and Rickettsia sp. genotype “RF2125”
(Fig. 3). The gltA gene of R. felis was ampliﬁed from two out
of the seven ompB positive ﬂeas. The gltA sequences were
identical to R. felis gltA gene (CP000053).
Supplementary Table S1 related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
vetpar.2015.03.029
All DNA extracted from the ﬂeas from the Czech
Republic (n=33) were negative for Bartonella using the
real-time PCR targeting the ssrA gene and run in duplicate.
Standard curves of the synthetic plasmidwith the ssrA gene
were linear for 107 to 102 copy number in real-time PCRs
(efﬁciency=101.2% and 99.7%, R2 =0.978 and 0.982). The
use of synthetic plasmid enabled us to demonstrate sen-
sitivity down to 102 copies of the synthetic plasmid with
ssrA gene; 9/9 real-time PCR returned average Ct value of
36.22. Dilution of 101 plasmid copies returned Ct values
only in 2/6 real-time PCR (37.28, 37.73). No ampliﬁcation
wasobserved inno template control (NTC) reactions (n=9).
4. Discussion
Unambiguous identiﬁcation of ﬂeas in the genus Cteno-
cephalides has signiﬁcant implications for veterinarians
and vector biologists. Certain ﬂea species or biotypes
may possess a predilection to symbiosis with certain
pathogens or strains and therefore represent a higher risk
for pathogen transmission. Recently, C. orientis (syn. C. felis
orientis) was associated with the presence of Rickettsiamorphology and molecular genotyping based on mtDNA
markers gives clarity to the taxonomy of this genus by
providing additional information to the species proﬁle and
shedding light on the inter and intra-species relationships
(Ménier and Beaucournu, 1998; Linardi and Santos, 2012;
Lawrence et al., 2014).
Our results conﬁrm that both Ctenocephalides species
(C. felis felis and C. canis) are present on privately owned
dogs and cats in the Czech Republic and in Romania as
reported historically (Rosicky´, 1957). The primary host of C.
felis felis is thedomestic cat but domestic dogs are also com-
petent hosts. There are reports of several othermammalian
species acting as occasional hosts in the Czech Republic
such as domestic rabbits and wild animals including the
European mole (Talpa europea), the European pine marten
(Martes martes) and the common rat (Rattus norvegicus)
(Rosicky´, 1957). This is consistentwith thewell-established
theory thatC. felis felis is a generalist species in termsofhost
preference (Rust andDryden, 1997). Thismaybe signiﬁcant
for vectoring pathogens, as horizontal transmission of ﬂeas
and their vertically or horizontally acquired pathogens is
possible between two different species in close proxim-
ity either directly via infested nests or through predation
(Rust, 1994). The main host of C. canis is considered to be
the domestic dog with frequent ﬁndings on domestic cats,
red foxes and occasionally rabbits. In the Czech Republic,
C. canis was the second most common ﬂea (40%) infecting
humans after Pulex irritans (60%) of all ﬂeas in one large
town (Rosicky´, 1957). The higher rates of C. canis on dogs
appear to be geographically restricted to central eastern
European countries. More recently, two studies of ectopar-
asites on dogs in Hungary reported the proportion of C.37
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canis between 68.6% and 97.1% out of all ﬂeas collected
compared to 1.8% to 29.5% for C. felis (Farkas et al., 2009;
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cat ﬂea (C. felis) population including the novel haplotype
from Romania and the Czech Republic.eugnet et al., 2014). Similarly, in Albania the proportion
f C. canis on dogs ranged from 75.7% to 92.1% and from
.0% to 7.7% for C. felis (Xhaxhiu et al., 2009; Beugnet et al.,
014). High proportions of C. canis on dogs are observed
n several other central eastern European countries such as
ulgaria (70.7%), Lithuania (98.1%), Romania (91.2%) and
lovakia (98.8%) (Beugnet et al., 2014). In Western Europe,
. felis appears to dominate in both cats and dogs (Bond
t al., 2007; Gilles et al., 2008). For example, in Germany
. felis showed the highest proportion of all species at
8.9% and C. canis represented only 5.8% of ﬂeas on dogs
Visser et al., 2001). Although the Czech Republic showed
predominance of C. felis on dogs and cats combined, the
roportion of C. canis was comparably higher than in stud-
es performed in Eastern Europe. The reasons behind the
eographical distribution of C. felis and C. canis are cur-
ently unknown and will require further epidemiological
nvestigation.
Besides Ctenocephalides species, the rat ﬂea (N. fascia-
us) and the chicken ﬂea (Ce. gallinae) were detected on
ogs and cats in veterinary practices in the Czech Republic.
oth ﬂeas have previously been noted on dogs in the Czech
epublic or elsewhere (Dunnet andMardon, 1974;Hopkins
nd Rothschild, 1953; Rosicky´, 1957). Presence of the rat
ea (N. fasciatus) together with cat ﬂeas (C. felis) sug-
ests that the household was infested with rats or another
ildlife reservoir host serving as the primary host of the
at ﬂea. N. fasciatus has long been implicated as an occa-
ional vector for zoonotic diseases such as the plague and
almonella enteriditis but there is little recent data dis-
ussing its vector capacity (Traub et al., 1983). A survey
n the United Kingdom found that out of 336 ﬂeas col-
ected from dogs, only one was identiﬁed as N. fasciatus,
uggesting cats and dogs being infected with this species
s a relatively rare and transitory event (Bond et al., 2007).
he chicken ﬂea (Ce. gallinae) is primarily found on birds
r in their nests and is rarely found on mammals. Coin-
idently, Ce. gallinae was recently found on dogs and cats
rom Germany (Just et al., 2008). Without the history of
he hosts, we can only speculate that a close interaction
etween hosts such as a cat or dog sleeping in a hen house
ould have been the source of this infestation.
This study conﬁrms the cosmopolitan nature of the C.
elis felis (clade represented by cox1 haplotype 1) suggested
s the dominant C. felis group in Australia (Lawrence et al.,
014). The prevalence and distribution of the novel hap-
otype from Romania and Czech Republic from this study
eeds further investigation. Phylogeny based on the mito-
hondrial cox1 conﬁrms that the oriental cat ﬂea (C. felis
rientis) often regarded as a subspecies of C. felis should
ain full species status, because it forms a sister clade to
ll cox1 sequences from C. canis. Our approach of using
ox1 mitochondrial DNA sequencing is a practical tool in
he evaluation of Ctenocephalides ﬂea populations, and can
e adapted for use in other ﬂea genera. Further genotyp-
ng of Ctenocephalides species across other countries will
ikely resolve the prevalence and distribution of both the
ew clade and the established cosmopolitan clade. This
tudy shows yet more genetic diversity within the globalThe demonstrated prevalence of R. felis in this study
falls within the prevalence range in Europe (Rolain et al.,
2003; Shawet al., 2004;Blancoet al., 2006) andworld-wide
(Parola et al., 2003;Venzal et al., 2006;Mbaet al., 2011). The
study conﬁrmsactivity ofR. felis in central Europe including
Hungary, where R. felis and the closely related Rickettsia sp.
‘RF2125’ were reported (Hornok et al., 2010). In Germany,
R. felis has been reported in 9% of C. felis felis ﬂeas collected
fromdogs and cats (Gilles et al., 2008). The newly identiﬁed
C. felis clade specimens had no detectable R. felis DNA. The
dog ﬂea (C. canis) may have an important role in maintain-
ing R. felis transmission cycles in this area since C. canis is
thought to bemore common on dogs in central and eastern
Europe (Farkas et al., 2009; Xhaxhiu et al., 2009; Beugnet
et al., 2014). Although C. felis is recognised as the primary
vector for R. felis, C. canis was shown to harbour the bac-
terium (Parola et al., 2003; Bitam et al., 2006; Blanco et al.,
2006; Venzal et al., 2006). Moreover, dogs were suggested
as the natural reservoir hosts for R. felis (Hii et al., 2011b).
The signiﬁcance of C. canis and the newly described C. felis
clade requires further investigation across Europe includ-
ing their vector capacity for bacterial pathogens.
There was no Bartonella DNA detected in any of the 33
ﬂeas sequenced for this study. The adopted real-time PCR
for Bartonellawas originally designed to detect four species
(Bartonella quintana, B. henselae, Bartonella bovis, and Bar-
tonella elizabethae) with sensitivity at approximately a
single bacterium, ≤5 fg of bacterial nucleic acid per real-
time PCR (Diaz et al., 2012). We were unable to conﬁrm the
original detection limit using a synthetic plasmid encoding
the target sequence. The sensitivity in vitro using synthetic
plasmid DNA, however, should be interpreted as exper-
imental because primer access to the target site on the
plasmid and genome can vary. In the Czech Republic, B.
henselae in cat blood was demonstrated with ﬂeas as the
suspected vector (Melter et al., 2003). The prevalence of
the bacteria in ﬂea samples is generally low in the sur-
rounding European countries such as Hungary, France and
Germany with reported prevalence ranging between 2.9%
and 4.1% (Sréter-Lancz et al., 2006; Just et al., 2008). In con-
trast, another study in France reported the prevalence of
Bartonella spp. including B. henselae, B. quintana, Bartonella
clarridgeiae and Bartonella koehlerae as 26.2% (Rolain et al.,
2003). Direct comparison of Bartonella prevalence studies
is difﬁcult, due to differences in the ﬂea DNA preparation,
Bartonella PCR protocols and PCR targets (Stevenson et al.,
2003;Maggi and Breitschwerdt, 2005; Kaewmongkol et al.,
2011).Our approachwith retaining theﬂeaexoskeletondid
not allow theapplicationof analternativePCRassay suchas
PCR targeting ITS rDNAofBartonella, becauseweexhausted
the extracted DNA during ﬂea and Rickettsia genotyping.
5. Conclusion
Flea identiﬁcation based on morphology and the mito-
chondrial cox1 marker should be an integral part of studies
centring on the pathogens they carry. The current study
conﬁrms high genetic diversity in global cat ﬂea popu-
lations with unknown impact upon their ability to carry38
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and transmit zoonotic pathogens. C. canis was geneti-
cally characterised and demonstrated to be a sister species
Dunnet, G.M., Mardon, D.K., 1974. Monograph of Australian ﬂeas
(Siphonaptera). Aust. J. Zool., 1–273.of the oriental cat ﬂea, C. orientis (syn. C. felis orientis).
The integrated morphological and molecular identiﬁcation
approach used in this study will facilitate a better under-
standing of the vectoring capacity of ﬂea species in future
studies.
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Abstract 
The cat flea (Ctenocephalides felis) is the most common parasite of domestic cats and dogs 
worldwide. The global distribution of this parasite species is largely attributed to 
human-mediated migration of its hosts. However, the species origin and the origin of the genus 
Ctenocephalides has never been empirically investigated. The presence of C. felis including 
four contentious subspecies has been reported throughout a variety of climatic zones and 
geographical regions with one cosmopolitan (Ctenocephalides felis felis), one Asian (C. felis 
orientis) and two African (C. felis strongylus and C. felis damarensis) subspecies. Since then, 
C. f. orientis and C. f. damarensis have been raised to full species based on morphology (C.
orientis and C. damarensis, respectively). Due to the morphological ambiguity of the C. felis
subspecies and a lack of — particularly largescale — phylogenetic data, we do not know
whether C. felis populations are morphologically and genetically conserved globally. To
understand the level of global pervasion of the cat flea and related species, our study aimed to
document the distribution and phylogenetic relationships of Ctenocephalides fleas found on
cats and dogs worldwide, as well as the drivers behind the establishment of regional cat flea
populations. With a global collection of fleas from cats and dogs across 57 countries and six
continents, we morphologically and molecularly evaluated six out of the 14 known taxa
comprising genus Ctenocephalides, including the four original C. felis subspecies. We confirm
the ubiquity of the cat flea, representing 85% of all fleas collected (4353/5128). Using a
multigene approach combining two mitochondrial (cox1 and cox2) and two nuclear (Histone
H3 and EF-1α) gene markers, as well as a cox1 survey of 517 fleas across 56 countries, we
demonstrate out-of-Africa origins for the genus Ctenocephalides and high levels of genetic
diversity within the cat flea species. We define eight C. felis clades that fall into four
bioclimatically limited lineages (denoted as Temperate, Tropical I, Tropical II and African)
using Maxent niche modelling. Only the Temperate lineage of cat fleas identified as C. f. felis,
along with the dog flea C. canis exhibited truly cosmopolitan distributions spanning across
every continent. Using genetic analysis, we confirm full species status for African species C.
connatus, as well as for C. canis and C. orientis, which share a sister-species relationship. All
three of these species are sister to C. felis. Finally, we demote C. damarensis to subspecies
level (C. f. damarensis) based on a lack of reciprocal monophyly. We support the retention of
three cat flea subspecies: C. f. felis, C. f. strongylus and C. f. damarensis and show that from
out-of-Africa origins, human-mediated migration and bioclimatic affinities have defined
globally discrete lineages. This study defines the global distribution, African origin and
phylogenetic relationships of global Ctenocephalides fleas and resolves the taxonomy of the
44
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C. felis species and related taxa. By demonstrating the link between the global cat flea
communities and their affinity for specific bioclimatic niches, we reveal the drivers behind the
establishment and success of the cat flea as a global parasite.
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3.1. Introduction 
Parasites are an evolutionary success story that represent around half of all species on 
earth with most relying on their hosts for dispersal (Weinstein & Kuris, 2016; Windsor, 1998). 
Revealing parasite evolutionary history allows us to understand how some parasite species 
have achieved worldwide distribution presenting medico-veterinary challenges across the 
globe (Perrin et al., 2010). Domesticated animal hosts such as cats and dogs provide a means 
of dispersal for parasites, as well as a potential global habitat niche. Soon after the earliest 
evidence for domestication of cats and dogs by humans, transportation of these animals 
throughout the world began via ancient human migration, historical trade routes and more 
recently through pet trade and tourism (Hu et al., 2014; Koch et al., 2016; Larson et al., 2012; 
Savolainen et al., 2004). Inevitably the domesticated cats and dogs carried parasites with them 
including the cat flea Ctenocephalides felis (Bouché, 1835) and its close relative the dog flea 
Ctenocephalides canis (Curtis, 1826). The cat flea is assumed to be the most globally pervasive 
flea species on earth with its affinity for domestic cat and dog hosts resulting in a synanthropic 
life history that has permitted widespread geographical dispersal of the species. 
An African evolutionary emergence of the cat flea is assumed a priori, but the origin of 
the species has not been empirically investigated (Hopkins & Rothschild, 1953; Rust & 
Dryden, 1997). The out-of-Africa theory assumes co-evolution of the cat flea and its dominant 
host, the domestic cat, Felis silvestris catus Linnaeus, 1758, which likely originated in Africa 
and the Near East from ancestral African wildcats, Felis silvestris lybica Forster, 1780 (Driscoll 
et al., 2007; Hu et al., 2014; Zhu et al., 2015).  
The cat flea species historically includes four geographically defined subspecies: the 
cosmopolitan Ctenocephalides felis felis (Bouché, 1835), an Asian subspecies Ctenocephalides 
felis orientis (Jordan, 1925) and two subspecies restricted to the African continent: 
Ctenocephalides felis strongylus (Jordan, 1925) and Ctenocephalides felis damarensis Jordan, 
1936. Since their original description, C. f. orientis and C. f. damarensis have been reclassified 
as full species (C. orientis and C. damarensis, respectively); but the acceptance and wider 
adoption of these reclassifications by researchers has been limited (Beaucournu & Menier, 
1998; De Meillon et al., 1961; Louw & Horak, 1995; Ménier & Beaucournu, 1998). Taxonomic 
clarity and the geographical range of the C. felis subspecies remains elusive, confounded 
further by their morphological ambiguity, and the morphological homogeneity of the genus in 
general (De Meillon et al., 1961; Haeselbarth, 1966; Hopkins & Rothschild, 1953; Lawrence 
et al., 2014; Lawrence et al., 2015a; Linardi & Santos, 2012; Louw & Horak, 1995; Ménier & 
Beaucournu, 1998). Many studies from around the world report incidences of local C. felis 
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populations in various ecological contexts and assume phylogenetic uniformity (for a small 
selection see Ahmed et al. (2016); Chandra et al. (2017); Marrugal et al. (2013); Šlapeta and 
Šlapeta (2016)). However, given the challenges in morphological identification and the paucity 
in available genetic data for taxa within the genus, it is unknown whether worldwide C. felis 
populations are genetically and morphologically synonymous. 
Isolation of local C. felis populations around the world was probably confounded by 
historical human-mediated migration of cats and dogs (Koch et al., 2016). The rapid mutation 
rates of mtDNA compared to nDNA enables analysis of recent divergences within and between 
species and can give insights into flea dispersal patterns that may reveal signatures of human 
migration (Avise, 2009; Avise et al., 1987; Moon et al., 2015). The implementation of a 
combined morphological and molecular taxonomic approach to unambiguously resolve the 
origins and identity of worldwide cat flea populations is imperative given the claims suggesting 
temperature-dependent biological differences between subspecies that may impact dispersal 
and control strategies (Yao et al., 2006). New insights into biological variations between 
geographical populations of C. felis and related species may hold implications for zoonotic 
disease transmission and pest control.  
We aimed to discover the ancestral origin and subsequent global diffusion of the 
ubiquitous cat flea, as a consequence human-mediated dispersal of domesticated cats and dogs. 
By doing so, we determine the identity and global distribution of Ctenocephalides flea species 
infesting cats and dogs across six continents and 56 countries. We morphologically and 
genetically characterise the global cat flea communities and clarify the taxonomic status of the 
original four continental subspecies. To achieve this, we collected and analysed the most 
common Ctenocephalides Stiles and Collins, 1930 flea species and subspecies infesting cats 
and dogs across six continents and 56 countries. We assess the efficiency of the cytochrome c 
oxidase subunit I (cox1) mtDNA barcoding marker together with cytochrome c oxidase subunit 
II (cox2) and two nuclear markers histone H3 and elongation factor 1 alpha (EF-1α) for 
delineating Ctenocephalides taxa and for inferring global population structure of C. felis. We 
show how thermal zones have shaped the distribution of cat flea lineages, explaining the 
widespread and climatically diverse dissemination of the species and revealing how C. felis 
came to be one of nature’s most successful insect hitchhikers. 
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3.2. Materials and Methods 
3.2.1. Specimen collection, morphological taxonomy and isolation of total DNA 
Fleas were obtained through international and local donation of specimens from 57 
countries and were primarily collected from cat and dog hosts between October 2012 to March 
2017, although a small number of older specimens were donated as well (Supplementary Table 
1, http://dx.doi.org/10.17632/2f3hchym9v.1). For details on flea donations see 
acknowledgments and Supplementary Table 2. A total of 18 samples were collected using light 
traps (MyFleaTrap™ USA) in households with cats and dogs, the remaining samples were 
collected by searching and/or combing the animal. A total of 159 fleas from 121 samples from 
Australia, Fiji, Thailand, Seychelles, Czech Republic, Romania, USA, New Zealand and Hong 
Kong were included from our previous work (Chandra et al., 2017; Hii et al., 2015; Lawrence 
et al., 2014; Lawrence et al., 2015a; Lawrence et al., 2015b; Šlapeta et al., 2018; Šlapeta & 
Šlapeta, 2016) (Supplementary Table 1). The cat and dog hosts involved in the study were a 
variety of feral, stray/free-roaming, shelter and owned animals. All fleas were stored in ≥95% 
ethanol and then initially identified to species level using a dissection microscope following 
morphological keys and descriptions (Beaucournu & Menier, 1998; Dunnet & Mardon, 1974; 
Hopkins & Rothschild, 1953; Segerman, 1995). Following this, a subset of fleas from genus 
Ctenocephalides (n = 572, including 85 of the fleas from previous work) underwent DNA 
isolation (Supplementary Table 1). Where possible, DNA was isolated from at least five fleas 
for each country (Supplementary Table 1). Total DNA was extracted from the selected fleas 
while preserving the exoskeleton as previously described (Lawrence et al., 2014). The voucher 
exoskeletons were slide-mounted in Euparal (Australian Entomological Supplies, Australia) 
following clarification in KOH and dehydration in an ethanol series as previously described 
(Lawrence et al., 2014). Classification to subspecies and confirmation of species identification 
was performed on the mounted fleas using keys and descriptions (Beaucournu & Menier, 1998; 
Hopkins & Rothschild, 1953; Ménier & Beaucournu, 1998; Segerman, 1995). 
3.2.2. Amplification of mitochondrial DNA partial gene regions cytochrome c oxidase subunit 
I, cytochrome c oxidase subunit II and nuclear DNA partial gene regions histone H3 and 
elongation factor 1 alpha 
A subset of Ctenocephalides fleas (n = 24/572) was selected for PCR amplification using 
mitochondrial DNA (mtDNA) marker cox1 and cox2, and two nuclear DNA (nDNA) markers 
histone H3 and EF-1α. A 601-bp fragment of the mtDNA cox1 gene was amplified using a 
combination of primers that included the universal cox1 DNA barcoding primers: LCO1490 
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(5’- GGT CAA CAA ATC ATA AAG ATA TTG G-3’) and HCO2198 (5’-TAA ACT TCA 
GGG TGA CCA AAA AAT CA-3’) (Folmer et al., 1994) and primers designed for molecular 
identification of Ctenocephalides fleas Cff-F [S0367] (5’-AGA ATT AGG TCA ACC AGG 
A-3’) and Cff-R [S0368] (5’-GAA GGG TCA AAG AAT GAT GT-3’) (Lawrence et al.,
2014). Most specimens were amplified using a combination of LCO1490 and Cff-R unless
amplification failed, in which case alternate combinations were used to obtain amplicons (Hii
et al., 2015; Lawrence et al., 2014). To amplify C. canis and C. connatus, the universal primer
pair (LCO1490/HCO2198) was the most effective. A 727-bp fragment of the cox2 gene region
was amplified and directly sequenced using the primers: F-Leu (5’-TCT AAT ATG GCA GAT
TAG TGC-3’) and R-Lys (5’ -GAG ACC AGT ACT TGC TTT CAG TCA TC-3’) (Whiting,
2002). A 349-bp fragment of the histone H3 nuclear gene region was PCR amplified Hex-AF
(5’- ATG GCT CGT ACC AAG CAG ACG GC -3’) and Hex-AR (5’- ATA TCC TTG GGC
ATG ATG GTG AC -3’) (Zhu et al., 2015) and a 933-bp fragment coding for the EF-1α nuclear
gene region was PCR amplified using designed for this study (Primer3 4.0.0): EF-1α_flea_F
(5’-AAT TGA AGG CCG AAC GTG AG-3’) and EF-1α_flea_R (5’-GAT TTG CCA GTA
CGA CGG TC-3’). Further, a total of 572 Ctenocephalides fleas from 56 countries were
subjected to PCR amplification with a total of 561 fleas successfully amplified at cox1. For all
PCRs, reaction volumes of either 25 µL or 30 µL contained MyTaq Red Mix (Bioline,
Australia) and approximately 1–10 ng of genomic DNA template (2 µL). All PCRs were run
on a Veriti thermocycler (Life Sciences, Australia) or on an Eppendorf Mastercycler Personal
(Eppendorf, Australia) with a negative control of PCR-grade water and a positive control of
flea DNA known to amplify at conditions from previous studies (Lawrence et al., 2014; Šlapeta
et al., 2011). The cycling conditions for cox1, EF-1α and histone H3 amplification were as
follows: denaturing at 95 °C for one minute followed by 35 cycles of 95 °C for 15 s, 55 °C for
15 s, 72 °C for 10 s, and a final elongation for five minutes at 72 °C; and for cox2: denaturing
at 95 °C for three minutes followed by 37 cycles of 94 °C for 30 s, 42 °C for 30 s, 72 °C for 15
s, and a final elongation for five minutes at 72 °C. Agarose gel electrophoresis was used to
verify product size of successful reactions before submitting the PCR product for purification
and sequencing (Macrogen Ltd, Seoul, Korea).
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3.2.3. Sequence and haplotype analysis, phylogenetic diversity and ancestral state analyses 
We evaluated the use of highly parametrised model based methods compared to distance 
based methods for resolving the phylogeny of Ctenocephalides fleas across multiple gene 
markers (Supplementary Figure 1). All methods resolved very similar phylogenetic trees and 
branch support, therefore the simplest method (minimum evolution – ME) was chosen to 
eliminate the need to specify differing substitution models between gene markers 
(Supplementary Figure 1). A series of ME phylogenies using the Kimura 2-Parameter model 
were reconstructed with 2000 bootstrap replicates to compare the evolutionary relationships of 
Ctenocephalides fleas across four gene markers. We constructed trees for each marker 
individually, and then used a concatenated alignment to include all markers in a single tree. 
Raw sequence reads coding for cox1, cox2, Histone H3 and EF-1α from 24 fleas were each 
assembled and aligned using CLC Main Workbench 6.9.1 (CLC bio, Denmark), then 
concatenated to create a single alignment for all genes containing a total of 2428 nucleotides. 
Following phylogenetic reconstruction with the suite of markers, further analyses were 
conducted investigating the cox1 marker’s utility for delineating morphospecies and 
identifying phylogeographic structure. First, we assessed the ability for cox1 DNA barcoding 
to differentiate morphologically defined species and subspecies. A total of 565 raw sequence 
reads coding for mtDNA cox1 gene from individual fleas, including four outgroup sequences 
from another pulicid flea species: Echidnophaga ambulans ambulans Olliff 1886 were 
assembled and aligned. Sequences were divided into morphotypes and genetic distances were 
calculated using Mega 7.0.14 (Kumar et al., 2016) and plotted to create grids (Figure 3.1). 
Specimens where a DNA sequence was available but a voucher exoskeleton was not were 
excluded from this analysis. 
Next, we calculated cox1 haplotype and diversity metrics. For these analyses, the number 
of sequences was reduced to a total of 517 (representing individual fleas), due to the disparately 
high number of samples opportunistically collected from Australia and New Zealand in 
comparison with other countries (sequences bearing replicated haplotypes were eliminated to 
avoid over-saturation of this area). Due to difficulty in amplification resulting in a short partial 
sequence, one specimen from India (AL596-1) was omitted from this analysis. To eliminate 
gaps, all sequences were trimmed to the Ctenocephalides barcoding primers Cff-F/Cff-R 
(Lawrence et al., 2014) resulting in a length of 513-bp for the final alignment. The alignment 
was uploaded into FABOX (Villesen, 2007) and haplotypes were resolved using the 
DNAcollapser function. The number of haplotypes (Nh), haplotype diversity (h) and nucleotide 
diversity (π) was calculated using DnaSP (v5.10.01). To test whether genetic variation between 
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groups conferred equal fitness, selective neutrality tests (Tajima’s D and Fu’s Fs) were also 
conducted in DnaSP. All DNA assembly and alignments were performed using CLC Main 
Workbench 6.9.1 (CLC bio, Denmark). Minimum evolution tree reconstructions, computations 
of genetic distances and translations of amino acids were carried out using the Kimura 
2-parameter (KP2) distance method in MEGA 7.0.14 (Kumar et al., 2016).
Finally, we used ancestral state reconstruction of cox1 sequences to estimate the probability
that the most recent common ancestor of all sampled fleas originated in each of the sampled 
continents. We built an alignment of all unique cox1 sequences and reconstructed phylogenetic 
relationships in a Bayesian framework using the program BEAST v1.8.1 (Drummond & 
Rambaut, 2007). We specified a Yule speciation prior with a Tamura-Nei + γ substitution 
model. Two chains of 50 million generations were run, with sampling conducted every 25,000 
generations and with a burnin period of 15 million (resulting in 2,800 total trees in the posterior 
distribution). Chain mixing and convergence were visualised using the program TRACER v1.5 
(Drummond & Rambaut, 2007). 
From the posterior distribution of 2,800 trees, we calculated the core ancestor cost (CAC) 
to estimate the node position of each biogeographical community’s most recent common 
ancestor (Tsirogiannis & Sandel, 2015). Here, larger values indicate a community contains 
comparatively ‘older’ lineages of fleas. Next, for each biogeographical community we 
calculated the net relatedness index (NRI), a standardised phylogenetic diversity index that will 
be lower (i.e. more negative) in communities that are more phylogenetically diverse. To 
account for influences of phylogenetic uncertainty on diversity measures, the CAC and NRI 
indices were calculated across the full distribution of Bayesian posterior trees. We 
supplemented these phylogenetic analyses by estimating population genetic differentiation and 
structure using an analysis of molecular variance (AMOVA) to estimate proportions of genetic 
variance explained by two hierarchical biogeographical groupings: “ancient” versus “recently 
colonised” groupings, and continents within these groupings. R code (R package version 1.1) 
used to carry out phylogenetic diversity and AMOVA analyses is presented in Appendices A, 
B and C. 
3.2.4.  Ecological niche modelling for global Ctenocephalides populations 
To identify potential ecological factors determining the distribution of cosmopolitan 
Ctenocephalides species (C. felis and C. canis) and C. felis lineages (Clades 1 – 6), we 
employed the maximum entropy method (Maxent, v3.4.1) (Phillips et al., 2017) for modelling 
geographical distribution of taxa based on the coordinates of the flea collection sites. Maxent 
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is a machine learning modelling approach shown to be effective in predicting species’ 
distribution from incomplete ‘presence-only’ data (Phillips et al., 2006). Only globally 
distributed fleas were included in the analysis, meaning the distribution of the African C. felis 
lineage as well as C. orientis, C. connatus and the putative new species Ctenocephalides sp. 
“AL909” were not included. The first dataset was grouped by species and contained all C. felis 
and C. canis sequences (n = 483 sequences) and a second dataset comprised of C. felis only 
(n = 387 sequences) grouped into three lineages based on global sample distribution: 
‘Temperate’ = Clade 1 and Clade 2, ‘Tropical I’ = Clade 3 and Clade 4 and ‘Tropical II’ = 
Clade 5 and Clade 6. The species C. connatus and Ctenocephalides sp. “AL909” both have 
very limited distribution and very small sample sizes (n = 9 and n = 2, respectively) and were 
therefore excluded from the cosmopolitan flea analysis. One sample found in Tasmania, 
Australia (AL577-1) was excluded from the C. felis-only analysis as it is known that this flea 
was collected from a cat that had recently been transported from Darwin, in the Northern 
Territory. This flea falls within Clade 3 along with other fleas from the Northern Territory, thus 
it was eliminated to avoid possible bias in the niche modelling. This sample was included in 
the C. felis group for the species analysis. 
Models were run using default parameters appropriate to large-scale presence-only datasets 
for qualitative exploratory analyses (Merow et al., 2013; Phillips et al., 2006). Predictions of 
habitat suitability were obtained using a global bioclimatic envelope containing 19 gridded 
climate variables (Supplementary Table 2) downloaded from the WorldClim database 
(WorldClim Version2, available at http://worldclim.org/version2) at a grid cell resolution of 
2.5 min or approximately 5 km2 (bioclimatic variable codes given in Supplementary Table 2) 
(Fick & Hijmans, 2017). The bioclimatic data files were converted into ESRI ASCII Raster 
format using QGIS (QGIS Development Team, 2017) to enable analysis in Maxent. The 19 
variables are comprised of average monthly temperature and rainfall data that represent 
biologically relevant information including annual trends, seasonality and limiting 
environmental factors such as minimum temperature in the coldest month. For 
Ctenocephalides, factors relating to humidity and ambient temperature are likely to be limiting 
due to their importance on Ctenocephalides flea survival and reproduction (Silverman et al., 
1981). To evaluate whether the models performed significantly better than random, 25% of 
each sample set was randomly selected and used by Maxent as test data to create P-values 
relevant in ascertaining the reliability of the model. The area under curve (AUC) value for the 
test data on the ROC plots was used to assess the performance of each model (Fielding & Bell, 
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1997). The relative importance of each bioclimatic variable to the model prediction was 
assessed using contribution percentages and a jackknife test on training, test and AUC data. 
3.2.5.  Data accessibility 
Images were taken of representative specimens for each species, morphotype, sex and clade 
(http://dx.doi.org/10.17632/tjfr3ddc52.1) and Supplementary Table 1 
(http://dx.doi.org/10.17632/2f3hchym9v.1) were deposited in Mendeley Data 
(https://data.mendeley.com/). deposited in Mendeley Data. Voucher specimens were deposited 
in the CSIRO Australian National Insect Collection (ANIC) in Canberra, Australia. All 
sequences were deposited in GenBank: cox1: MG586243-MG586672 (n=430), cox2: 
MG586673-MG586732 (n=60), histone H3: MG586758-MG586782 (n=25), EF-1α: 
MG586733-MG586757 (n=25); Supplementary Table 1. Sequences were also deposited in 
Barcode of Life Data (BOLD) Systems: CTENO001-18 – CTENO551-18, ALFLE001-14 – 
ALFLE024-14 (Accession numbers listed in Supplementary Table 1). Supplementary Table 1 
was deposited in Mendeley Data (http://dx.doi.org/10.17632/2f3hchym9v.1). 
3.3. Results 
3.3.1. Identification of Ctenocephalides fleas from six continents 
A total of 4772 fleas belonging to the genus Ctenocephalides were identified from the global 
collection of fleas originating from 56 countries (Table 3.1, Supplementary Table 1). Only a 
single flea (Pulex irritans Linnaeus, 1758) was recovered from Canada and therefore this 
country was not included in analyses. The largest quantity of fleas was obtained from Oceania 
(n = 1446 from 5 countries), followed by Europe (n = 1216 from 16 countries), Asia (including 
eastern Russia; n = 805 from 17 countries), Africa (n = 571 from 10 countries), South America 
(n = 412 from 4 countries) and North America (n = 322 for 4 countries). Fleas in the genus 
Ctenocephalides accounted for 93.1% of all fleas collected (4772/5128; Table 3.1, 
Supplementary Table 1). Six out of the 14 known taxa for Ctenocephalides were identified 
(Table 3.1, Figure 3.1). Morphological identification was aided by comparison with 11 out of 
the 14 taxa belonging to the genus Ctenocephalides at the British Museum of Natural History, 
including 5 holotypes and 5 lectotypes (Table 3.1, Figure 3.1). 
Most fleas in the study were recovered from domestic cat and dog hosts, excluding 
C. connatus, which was collected from Cape ground squirrels Xerus inauris (Zimmerman,
1780) and one slender mongoose Galerella sanguinea Rüppell, 1836 (Supplementary Table 1).
A small number of fleas were collected from red foxes Vulpes vulpes (Linnaeus, 1758), jackals
53
______________________________ Chapter 3: The hitchhiker’s guide to world domination 
Canis aureus Linnaeus, 1758, a wolf Canis lupus signatus Cabrera, 1907, a ferret Mustela 
putorius furo Linnaeus, 1758 and a Rüppell’s starling Lamprotornis purpuroptera Rüppell, 
1845. An average of 85 Ctenocephalides fleas were collected from each country ranging 
between 1 (Costa Rica) and 996 (Australia) (median = 24) (Supplementary Table 1). Only two 
flea taxa were found across all six continents: C. f. felis and C. canis. The African taxa C. 
connatus, C. damarensis and C. f. strongylus and were confirmed to be restricted to the African 
continent and C. orientis to Asia. A flowchart diagram detailing the classification rationale and 
process including discerning features was created to differentiate individual species and 
subspecies (Supplementary Figure 2). 
The most common flea was C. felis (85.0% of total fleas collected, 4353/5128; 91.2% of 
total Ctenocephalides collected, 4353/4772) inclusive of the two subspecies: C. f. felis (80.8%, 
3856/4772) and C. f. strongylus (0.7%, 32/4772). This group also contained 29 fleas (29/4772) 
that could not be classified as either C. f. felis or C. f. strongylus due to intermediate cephalic 
morphology visible upon slide-mounting and were therefore designated as C. f. “transitional”. 
These fleas exhibiting intermediate morphology were only found in Africa. The second most 
common Ctenocephalides flea was C. canis (4.1%, 208/5128; 4.4%, 208/4772) followed by C. 
orientis (4.1%, 194/4772), C. connatus (0.3%, 12/4772) and C. damarensis (0.1%, 4/4772). A 
total of 436 C. felis were not processed for slide-mounting and thus were not classified to 
subspecies level. 
Initial morphological identification relied on the curvature of flea cephalic profile 
(Figure 3.2A) in combination with the number of setae-bearing notches on the posterior margin 
of the hind tibia (Figure 3.3A), the number of setae present on the lateral metanotal area (LMA) 
(Figure 3.3B) and the absence of an anterior bristle on the occiput (Figure 3.2B). These features 
were used to initially differentiate the species C. felis, C. orientis, C. canis and C. connatus. 
Following this, a subset of 517 fleas were slide-mounted and subjected to further 
morphological discernment using a compound microscope. A flowchart diagram detailing the 
classification rationale and process including discerning features was created to differentiate 
individual species and subspecies (Supplementary Figure 2). Species identification was 
confirmed and subspecies determined using sex-specific features (Figure 3.2B, Figure 3.4A 
and B). There are no features of differentiation for C. damarensis females, and these specimens 
if present were likely classified as either C. f. felis or C. f. “transitional” (Figure 3.2, 
Supplementary Figure 2) (Jordan, 1936). 
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Table 3.1. Summary of species within Ctenocephalides including taxonomic information, number of fleas analysed herein and current taxonomic assignment. 
a Known only from type material – 7 females, 15 males  
b Known only by a small number of specimens collected bay duikers (Cephalophus dorsalis) (type host) and the Gambian pouched rat (Cricetomys gambianus). 
c Known only from 4 specimens including type material 
d An additional 436 C. felis were not processed for slide-mounting and were not classified to subspecies level.  
e Two specimens from Jordan (AL909-1, AL909-2) were identified as C. f. felis and C. f. “transitional” but later designated Ctenocephalides sp. “AL909” based on 
high genetic divergence
f Total of 29 specimens from Africa had intermediate morphology between C. f. felis and C. f. strongylus and were designated C. f. “transitional” 
g All specimens are male – female specimens are identical to C. f. felis and the two species live in sympatry in South Africa, so any C. damarensis females are 
identified as C. f. felis.
Taxa name Authority Year Primary host Type locality 
NHM type 
identifier 
No# 
collected in 
this study 
No# cox1 
sequenced 
No# 
multigene 
sequenced 
Current 
taxonomic 
assignment 
C. felis felis (Bouché) 1835 Cats and dogs Germany 916140 3856 d e 404 9 (2) e C. f. felis
C. felis
strongylus
(Jordan) 1925 Cats and dogs Kenya 916159 32 (29) f 32 (29) f 2 (3) f C. f. strongylus
C. felis
damarensis
Jordan 1936 Scrub hares (Lepus saxatilis) 
and their predators: dogs and 
wild canids (jackals, foxes), cats 
Namibia 916156 4 g 4 g 1 g C. damarensis
C. felis orientis (Jordan) 1925 Dogs Sri Lanka 916161 194 28 2 C. orientis
C. canis (Curtis) 1826 Dogs and wild canids (jackals, 
foxes, wolves) 
British Isles 916154 208 55 2 C. canis
C. connatus (Jordan) 1925 Cape ground squirrels 
(Xerus inauris) and mongooses 
(Herpestidae) 
South Africa 916144 12 9 3 C. connatus
C. rosmarus (Rothschild) 1907 Dassie/Hyrax (Procaviidae) Ethiopia 916151 0 0 0 C. rosmarus
C. craterus (Jordan and 
Rothschild) 
1913 Dassie/Hyrax (Procaviidae) Kenya 916146 0 0 0 C. craterus
C. arabicus Jordan 1925 Dassie/Hyrax (Procaviidae) Yemen 916148 0 0 0 C. arabicus
C. crataepus Jordan 1925 Ground squirrels (Xerus spp.) 
and hedgehogs (Atelerix spp.) 
Kenya 916142 0 0 0 C. crataepus
C. paradoxuri Wagner 1936 Civets (Paradoxurus spp.) and 
mongooses (Herpestes 
vitticollis) 
Sri Lanka 916152 0 0 0 C. paradoxuri
C. brygooi a Beaucournu 1975 Malagasy civet (Fossa fossana) Madagascar NA 0 0 0 C. brygooi
C. chabaudi b Beaucournu 
and Bain 
1982 Unknown b Gabon NA 0 0 0 C. chabaudi
C. grenieri c Beaucournu 
and Rodhaln 
1995 Dassie/rock hyrax (Procavia 
capensis) 
Cameroon NA 0 0 0 C. grenieri
Total 4771 561 24 
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Figure 3.1. Summary of taxonomic materials obtained and utilised for the study including images of type specimens 
and DNA sequences. (A) Photographs were taken of all Ctenocephalides type specimens available in the Rothschild collection 
of fleas held at the British Museum of Natural History, London. Black stars represent species that were collected in this study. 
Scale bars indicated represent 200µm. (B) Mitochondrial cox1 sequences were obtained for 6 out of 14 of the described 
Ctenocephalides taxa. No DNA sequences are available for the remaining 8 species. (C) All fleas were grouped into 
morphotypes consistent with published literature: Ctenocephalides felis felis, Ctenocephalides felis strongylus, 
Ctenocephalides damarensis, Ctenocephalides canis, Ctenocephalides orientis and Ctenocephalides connatus. Additionally, a 
7th morphotype category was erected for specimens that appeared to have transitional morphology between C. f. felis and C. f. 
strongylus. The maximum intra- and minimum interspecific distances for each morphotype were calculated in three different 
taxonomic scenarios (i-iii) based on previous literature. The first scenario (i) synonymises all originally proposed subspecies 
of C. felis except C. orientis, including C. f. felis, C. f. strongylus, C. felis “transitional” and C. damarensis. The second scenario 
(ii) delineates C. damarensis to full species level as suggested by Ménier and Beaucournu (1998) based on the morphology of 
the male aedeagus, whilst retaining synonymy between C. f. felis and C. f. strongylus. The final scenario (iii) treats each 
morphotype separately as presented in the original descriptions catalogued in Hopkins and Rothschild (1953). The evolutionary 
distances were calculated using the Kimura 2-parameter (K2P) as recommended for closely related taxa and using cox1 mtDNA 
sequences. In all graphs, a 3% threshold is enforced, dividing the charts into four separate quadrants, each representative of 
different species statuses (Hebert et al., 2003): top left: species concordant with current taxonomy; bottom left: species that 
are synonymous or have recently undergone divergence or hybridization; bottom right: probable species misidentification; top 
right: probable composite species, candidates for taxonomic split.
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Figure 3.2. Cephalic profile of six Ctenocephalides taxa and two morphotypes. (A) Fleas are 
labelled with species, subspecies or morphotype, specimen ID and sex. Female specimens of 
C. damarensis are indistinguishable from C. f. felis females and are therefore not represented in
this figure. The Ctenocephalides sp. “AL909” fleas found in Jordan were morphologically
identical to C. f. felis and no males were collected. Identification was based on genetic
divergence alone. Degree of frons curvature denoted by curved stoppered line. Variation in frons
curvature is demonstrated by the two species with the most disparate profiles: C. f. felis, almost
straight and C. canis, heavily rounded. (B) magnified images of the post-ocular area including
the occiput (a) and post-antennal fossa (b) of four species. Black arrows denote the number of
setae on the occiput of C. f. felis (2 setae), C. orientis (2 setae), C. canis (3 setae) and C. connatus
(1 seta). White arrows denote the presence of micro-setae behind the antennal fossa of C. orientis
females only. All scales are 100 µm. 57
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Figure 3.3. Morphology of hind tibia (A) and lateral metanotal area 
(LMA) (B) for C. felis, C. canis, C. orientis and Ctenocephalides sp. 
“AL909”. Fleas are labelled with species or subspecies and specimen ID. 
(A) Arrows denote number of setae bearing notches present on the
dorsoposterior margin of the hind tibia of C. f. felis (6), C. canis (8),
C. orientis (7), and Ctenocephalides sp. “AL909” (6). (B) Arrows denote
number of setae on the LMA with C. f. felis, C. orientis and
Ctenocephalides sp. “AL909” all bearing two setae and C. canis bearing
three. All specimens are female. All scales are 100 µm.
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Figure 3.4. Sex specific morphology of Ctenocephalides fleas. (A) shows plantar surface of fore 
tarsi V of male fleas. Number of spiniform bristles on the plantar surface is denoted by black 
arrows: two for C. f. felis, six for C. damarensis and C. connatus. (B) shows ventral sternites of 
female fleas. Number of sub-ventral setae on sternites (3 – 6) indicated with black arrows for  
C. f. felis (2), Ctenocephalides sp. “AL909” (2) and C. connatus (3). (C) shows manubrium (m) of 
male fleas. C. f. felis and C. damarensis possess a manubrium with a constricted apex, whilst for 
C. canis and C. orientis the apex of the manubrium is dilated, denoted by the stoppered line. Fleas 
are labelled with species or subspecies and specimen ID. Scale for (A) is 50 µm and scale for (B) 
and (C) is 100 µm.
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3.3.2. Multigene analysis confirms taxonomy of Ctenocephalides species 
A multigene analysis of 24 Ctenocephalides spp. specimens from 12 countries was conducted 
using mtDNA markers: cox1 and cox2, and nDNA markers: histone H3 and EF-1α (Figure 3.5). 
All gene markers delineated the morphologically defined species C. felis, C. canis, C. orientis and 
C. connatus (Figure 3.5 and Supplementary Figure 1). This demonstrates congruence between
morphological and molecular identity, with all gene markers resolving monophyletic delineation
for each species with high bootstrap support: ≥89% for cox1, ≥57% for cox2, ≥90% for histone H3
and ≥73% for EF-1α (Figure 3.5A-D). Conversely, the four gene markers were unable to
monophyletically delineate C. damarensis. The specimen shared identical cox1 sequences with C.
f. felis and with C. f. felis and C. f. “transitional” for the cox2 tree (Figure 5A-B). The specimen
also shared identical sequences with C. f. “transitional’ at the histone H3 marker and was nested
paraphyletically within C. felis at the EF-1α gene maker. Phylogenetic reconstruction using a
concatenated alignment of all gene sequences (containing 2428 nucleotides across 808 amino acid
sites for each specimen) revealed high levels of bootstrap support (≥99%) for monophyletic
delineation of each species except C. damarensis (Figure 3.5E). For all genes, C. orientis and C.
canis formed sister clades denoting a phylogenetic relationship as sister species. In all genes except
cox2, C. connatus forms a sister clade to the C. canis and C. orientis group. The cox2 marker
showed C. connatus as basal to all Ctenocephalides species, unlike all other markers which showed
C. connatus, C. canis and C. orientis forming a basal lineage sister to C. felis when rooted by
another pulicid flea: Echidnophaga ambulans ambulans Olliff, 1886 (Figure 3.5A-D).
Both mitochondrial markers demonstrated monophyletic delineation of two specimens 
morphologically identical to C. f. felis and C. f. “transitional”, respectively from a goat from 
Jordan. These fleas were discovered during the largescale cox1 post-survey and subsequently 
added to the multigene analysis. Due to high level sequence divergence (mtDNA) but lack of 
morphological discernment these fleas were denoted as Ctenocephalides sp. “AL909” and 
exhibited high level bootstrap support (97/99 for cox1 and cox2, respectively) and basal 
positioning to C. felis (Figure 3.5A, B). In terms of the nDNA markers, only EF-1α resolved the 
Ctenocephalides sp. “AL909” clade, although the specimens were positioned paraphyletically 
within C. felis (Figure 3.5C-D). Collection and assessment of male specimens belonging to the 
genetically disparate Ctenocephalides sp. “AL909” group is needed to enable confirmation and 
subsequent description of this potentially cryptic species. 
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Compared to all other species, C. felis demonstrated the highest phylogenetic diversity across 
all genes (Figure 3.5E). This was most apparent in the mtDNA genes, with minimal intraspecific 
variation across the nDNA genes in general (Figure 3.5A-D). Nucleotide alignments were 
translated into primary amino acid sequences and variable sites were compared across the 
different species and within species (Figure 3.5F). Although cox1 sequences exhibited the 
highest nucleotide diversity, cox2 resolved the highest amino acid sequence diversity with 11/228 
unique variable sites, followed by the nuclear gene EF-1α with 7/264 unique sites and lastly 
cox1 with 2/200 unique sites. The histone H3 marker did not resolve any unique variable amino 
acid sites across 116 sites in total. The species C. canis, C. orientis, C. connatus and 
Ctenocephalides sp. “AL909” were all resolved with unique amino acid sites across one or 
more genes but  C. damarensis lacked unique amino acid discrimination (Figure 3.5F). The 
species C. felis (inclusive of C. f. felis, C. f. strongylus and C. f. “transitional”) however, did not 
exhibit a unique amino acid pattern that was shared across all specimens within the species, 
and therefore could not be distinguished using amino acid sequences. As with the DNA 
sequencing, C. felis exhibited high diversity in amino acid sequences compared to the other 
species (Figure 3.5F). Since the fleas morphologically defined as C. damarensis were not 
resolved monophyletically by any gene marker or by amino acid sequences, we revert the taxa to 
subspecies level: C. f. damarensis and use this nomenclature henceforth throughout this work. 
3.3.3. Incongruence between morphology and genetic signature for C. felis subspecies 
To assess the morphology and phylogeography of global C. felis populations, a total of 516 
cox1 mtDNA barcode sequences (C. felis – 425, C. canis – 58, C. orientis – 28, C. connatus - 9) 
were analysed (Table 3.1; Figure 3.1B; Supplementary Table 1). An average of ten fleas (median 
= 6) were characterised at the cox1 gene per country producing a total of 90 cox1 haplotypes. 
Ctenocephalides felis consisted of 55 cox1 haplotypes that could be associated with C. f. felis, C. 
f. strongylus, C. f. damarensis and C. f. “transitional” morphotypes (Clade 1 – Clade 8) (Figure 
3.6 and Figure 3.7).
To investigate if cox1 DNA barcoding correctly identifies Ctenocephalides spp. and 
subspecies, the maximum intra- and minimum interspecific distances (%) were calculated. The 
calculated distances were plotted on a grid split into four quadrants using an arbitrary 3% distance 
threshold (Hebert et al., 2003) (Figure 3.1C). The top left quadrant was occupied by C. canis, C. 
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orientis and C. connatus implying support of taxonomic species status by cox1 DNA barcodes 
(Figure 3.1Ci-iii). When all C. felis subspecies were lumped together, the intraspecific distances 
became very high denoting probable composite species (Figure 3.1Ci). To assess support for the 
species status of C. f. damarensis, this group was treated individually whilst the remaining C. felis 
subspecies were grouped (Figure 3.1Cii). Separation of C. f. damarensis resulted in low inter- and 
intraspecific distance denoting recent species divergence, hybridization or synonymy, providing 
additional evidence for subspecies classification. Regardless of whether C. f. felis, C. f. strongylus 
and C. f. “transitional” were grouped together or treated individually, the intraspecific distance 
was high whilst the interspecific distance was effectively zero hence suggesting ‘probable 
misidentification’ (Figure 3.1Cii-iii). 
We found that the cox1 clades did not correspond to any of the morphologically defined 
subspecies. Additionally, we observed multiple morphologically defined C. felis subspecies that 
shared a single cox1 haplotype in the African region. Morphological inconsistencies across C. felis 
haplotype and clade primarily consisted of variations in cephalic profile for both sexes and in the 
aedeagal morphology (Ménier & Beaucournu, 1998) and tarsal chaetotaxy in male fleas 
(Beaucournu & Menier, 1998) (Table 3.2a and Table 3.2b). For example, two male fleas from 
South Africa (AL300-1 and AL957-5) exhibited identical genetic identity across both cox1 and 
cox2 but had morphology pertaining to C. f. felis and C. f. damarensis, respectively (Table 3.2b). 
Fleas from Central African Republic, Seychelles and Georgia USA were identified as C. f. 
strongylus, C. f. “transitional” and C. f. felis respectively despite sharing identical cox1 
haplotypes (haplotype h6, Clade 4; Figure 3.7C). The subspecies C. f. felis and C. f. strongylus 
exhibit a tubus interior that may be toothed in 4 out of 5 specimens (Table 3.2a). However, our 
data show that the rate is much higher with the tubus interior toothed in half of the specimens 
(Table 3.2b). 
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Figure 3.5. Phylogenetic analysis of Ctenocephalides genus and analysis of amino acid variation 
between phylogenetic clades at two mitochondrial and two nuclear DNA markers. The evolutionary 
history was inferred using the Minimum Evolution method and evolutionary distances were computed using 
the Kimura 2-parameter (K2P) method using mtDNA cox1 (A) and cox2 (B) and nDNA Histone H3 (C) 
and EF-1α (D) nucleotide sequences with complete deletion. A concatenated tree using all four genes and 
the same parameters was constructed (E). The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (2000 replicates) are displayed next to the branches. Branch values 
lower than 50% were discarded. Taxa are identified by their voucher identifier, country of origin, and 
species or subspecies/morphotype. At least one representative of each morphotype were selected. Trees are 
rooted using Echidnophaga ambulans ambulans (Siphonaptera: Pulicidae) – not shown. Sequence 
alignment of the amino acid variable sites for each clade and species is shown (F). Residues identical to 
Clade 1 are displayed as dots (.). Question marks (?) denote codons containing degenerate nucleotides. 
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Figure 3.6. Phylogenetic reconstruction of 561 cox1 sequences representing 
Ctenocephalides fleas from 56 countries across six continents. The evolutionary history was 
inferred using the Minimum Evolution method and evolutionary distances were computed using 
the Kimura 2-parameter (K2P) method using complete deletion. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test (2000 replicates) are 
displayed next to the branches. Branch values lower than 50% were discarded. Clade identity is 
denoted by colour with collection sites for each sequenced flea plotted on a world map. Maps 
are divided by lineage for C. felis and all remaining species are plotted on one map.  
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Figure 3.7. Phylogenetic relationships and geographic distribution of haplotypes across Ctenocephalides 
morphologies. (A) Phylogenetic reconstruction of all unique cox1 haplotypes recovered in the study, inferred using 
Minimum Evolution method and the Kimura 2-parameter substitution model with complete deletion. Branches with 
bootstrap values lower than 50% were discarded. The terminal node is labelled with the haplotype ID, followed by 
number of sequences found for each haplotype. The radiating circles show continent (colour-coded) and number of 
sequences found per continent. The three most abundant haplotypes are shaded grey. For C. felis, subspecies or 
morphotype that deviate from the nominate subspecies C. f. felis are annotated. Species lineages are denoted with 
colour-coded branches. (B) Shows the phylogenetic relationships and amino acid translations for the most common 
haplotypes of each C. felis cox1 clade except Clade 8 (only two fleas, each with a different haplotype). Two methods 
were used to infer evolutionary history: Minimum Evolution with the Kimura 2-parameter model and Maximum 
Likelihood with the T92 + γ model. Bootstrap values for both runs are shown and those lower than 50% were 
discarded. Amino acid translations for the mtDNA sequences show unique sites differentiating C. felis from all 
other species. (C) Morphology was not conserved across identical haplotypes. Haplotype h6 contains fleas 
identified as C. f. felis and C. f. strongylus, respectively. These subspecies are differentiated by the degree of frons 
curvature, as indicated by the stoppered line. The scales represent 100µm. (D) The three most globally abundant 
haplotypes (h1, h2 and h17) are shown with the proportion of members found in each continent. 
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Table 3.2a. Distinguishing features of male Ctenocephalides felis subspecies as per previous literature 
Species Number of SPB
† on fore tarsi Phallosome structures 
TI§ toothed Hamulus length:width 
C. f. felis/strongylus 2 4 out of 5 are toothed ≈2.5x longer than wide 
C. f. damarensis 4-6 Small tooth approximately equal 
†Spiniform plantar bristles 
§Tubus interior
Table 3.2b. Table of conflicting diagnostic features of all male Ctenocephalides felis fleas sequenced from Africa
Specimen information Number of SPB
† on 
fore tarsi Phallosome structures 
Morphotype Clade ID Haplotype ID Specimen ID Country TI
§ 
toothed? 
Hamulus ratio 
length:width 
C. f. felis Clade 1 h1 AL796-4 Algeria 2 No 1.6 
C. f. felis Clade 1 h1 AL796-5 Algeria 2 No 1.5 
C. f. felis Clade 1 h1 AL798-1 Algeria 2 No 1.6 
C. f. felis Clade 1 h1 AL913-1 Algeria 2 No 2.3 
C. f. felis Clade 1 h1 AL917-1 Algeria 2 Yes 1.8 
C. f. felis Clade 7 h27 AL300-1 South Africa 2 Yes 2.2 
C. f. “transitional” Clade 3 h2 AL340-1 Kenya 2 Yes 1.3 
C. f. “transitional” Clade 3 h2 AL341-1 Kenya 2 No 1.8 
C. f. “transitional” Clade 7 h21 AL336-4 Kenya 2 Yes 2.3 
C. f. “transitional” Clade 7 h21 AL820-3 Zimbabwe 2 Yes 2.3 
C. f. strongylus Clade 5 h22 AL222-1 Guinea Bissau 2 No 1.8 
C. f. strongylus Clade 5 h22 AL229-1 Guinea Bissau 2 No 2.7 
C. f. strongylus Clade 4 h6 AL725-1 CAR∆ 2 Yes 2.0 
C. f. strongylus Clade 4 h6 AL728-1 CAR∆ 2 Yes 2.0 
C. f. strongylus Clade 6 h19 AL1113-2 Liberia 2 Yes 1.4 
C. f. strongylus Clade 6 h19 AL1113-3 Liberia 2 Yes 1.8 
C. f. strongylus Clade 6 h19 AL1113-5 Liberia NA* Yes 1.8 
C. f. strongylus Clade 6 h17 AL1113-10 Liberia 2 Yes 2.0 
C. f. strongylus Clade 7 h73 AL937-1 South Africa 2 No 1.8 
C. f. strongylus Clade 7 h80 AL965-1 Kenya 2 Yes 1.3 
C. f. damarensis Clade 7 h27 AL946-2 South Africa 5 Yes 1.1 
C. f. damarensis Clade 7 h77 AL957-4 South Africa 6 Yes 1.3 
C. f. damarensis Clade 7 h27 AL957-5 South Africa 6 Yes 1.7 
C. f. damarensis Clade 7 h27 AL957-6 South Africa 5 Yes 1.6 
†Spiniform plantar bristles *Unable to determine due to specimen damage
§Tubus interior ∆Central African Republic
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3.3.4. High genetic diversity of C. felis fleas indicates out-of-Africa origins 
Across the Ctenocephalides species sampled, C. felis exhibited the highest genetic diversity 
(Table 3.3). Out of a total of 90 cox1 haplotypes, three (h1, h2 and h17) represented 46% of the 
total sequences with h1 being the most common haplotype (n = 145, 28% of total sequences) 
(Figure 3.7A, D). A total of 54 cox1 haplotypes (10% of total sequences) were singletons. The 
largest number of cox1 haplotypes for C. felis was found in Africa (n = 24). Across the 
Ctenocephalides species, C. felis exhibited the highest genetic diversity (Table 3.3). However, 
the disproportionately large number of specimens collected for C. felis in comparison to other 
species may bias this result and overemphasize C. felis diversity. When compared across 
continents, C. felis populations were most diverse in Africa, followed by Asia and Oceania. 
Likewise, the most diverse C. felis clade was the African Clade 7, followed by Clade 6 (Table 
3.3). 
Along with holding the highest diversity, Africa displayed the highest probability for being the 
geographical origin of the ancestral root of Ctenocephalides spp. at 20.1% compared to 
15.0% - 16.8% for all other continents (Table 3.3, Supplementary Figure 3). Within C. felis, a large 
portion of fleas show a more recent European ancestral line; likewise, C. canis and C. orientis 
show recent European and Asian ancestry, respectively (Supplementary Figure 3). Concentrating 
on C. felis alone, the African flea community had the highest CAC values (95%CI: 61.44, 70.35; 
indices for all other continents were less than 14.78) and most negative NRI values (CI: -9.36, 
-7.56; indices for all other continents were greater than -6.96), denoting a more ancient 
and phylogenetically diverse flea community compared to other continents. Both indices showed 
that Africa, Europe, Oceania and Asia appeared to be more ancient and more diverse compared 
to the American continents, which showed comparably lower diversity (Appendix B). As a result, 
and to determine whether patterns of genetic diversity reflect patterns of phylogenetic 
diversity, an analysis of molecular variance (AMOVA) was calculated using a hierarchical 
system grouping “ancient” (Africa, Europe, Oceania and Asia) and “recently colonised” (North 
and South America) continents. There was a significant difference in genetic variation between 
continents within the two regions (P < 0.001) but no significant difference, between “ancient” 
and “recently colonised” regions (P > 0.1; Appendix C).  
      
The three dominant cox1 haplotypes were distributed globally, but with continental 
predominance (Figure 3.7D). The most common cox1 haplotype, h1 was the only haplotype that 
had a truly global distribution, spanning across all continents; however, almost half of the h1 fleas 
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were from Europe. Conversely, 57% of h2 specimens were from Asia, and nearly 70% of h17 
sequences originated from the Americas (Figure 3.7A, D). Amino acid support for cox1 was only 
valuable in separating C. felis haplotypes (including Ctenocephalides sp. “AL909”) from all other 
species (Figure 3.7B).
Using mtDNA cox1 sequences we tested for population structure to determine whether 
Ctenocephalides populations were evolving non-randomly by calculating neutrality values. Only 
C. canis had statistically significant negative neutrality values, suggesting recent population 
expansion characterized by a large proportion of identical haplotypes in combination with many 
closely related singleton haplotypes (Table 3.3, Figure 3.7A). Within C. felis, fleas from North 
and South America had statistically significant population structure with positive neutrality 
values due to the presence of a small number of distinct haplotypes and a low number of singletons, 
suggesting multiple introductions and sustained isolation (Table 3.3, Figure 3.7A).
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Table 3.3. Summary of genetic diversity and demography statistics for Ctenocephalides species, C. felis clades and continental populations of C. felis 
Genetic diversity statistics Tests of selective neutrality 
By species N Hn S h (SD) ! (SD) Tajima's D Stat. sig. Fu and Li’s 
D* 
Stat. sig. Fu and Li’s 
F* 
Stat. sig. 
C. felis 424 55 49 0.846 (0.014) 0.01562 (3.9x10-5) 0.23 No -0.51 No -0.20 No 
C. canis 54 20 25 0.630 (0.078) 0.00222 (4.4x10-4) -2.56 Yes••• -4.59 Yes•• -4.60 Yes•• 
C. orientis 28 9 12 0.783 (0.065) 0.00351 (7.1x10-4) -1.38 No -1.75 No -1.91 No 
C. connatus 9 5 7 0.722 (0.159) 0.00509 (1.4x10-3) 0.06 No -0.05 No -0.03 No 
C. sp. “AL909” 2 1 0 NA NA NA NA NA NA NA NA 
By Clade
Clade 1 179 17 15 0.342 (0.046) 0.00087 (1.4x10-4) -2.13 Yes• -2.63 Yes• -2.93 Yes• 
Clade 2 19 3 3 0.292 (0.127) 0.00098 (4.6x10-4) -1.13 No -0.11 No -0.44 No 
Clade 3 64 6 5 0.207 (0.067) 0.00042 (1.4x10-4) -1.84 Yes• -2.93 Yes• -3.03 Yes• 
Clade 4 35 4 3 0.166 (0.084) 0.00033 (1.7x10-4) -1.73 No -2.79 Yes• -2.88 Yes• 
Clade 5 8 2 3 0.250 (0.180) 0.00146 (1.1x10-3) -1.45 No -1.57 No -1.69 No 
Clade 6 82 10 12 0.780 (0.036) 0.00371 (2.8x10-4) -0.58 No -1.54 No -1.43 No 
Clade 7 35 11 13 0.825 (0.05) 0.00629 (3.8x10-4) 0.07 No -0.81 No -0.62 No 
Clade 8 2 2 0 NA NA NA NA NA NA NA NA 
By Continent 
Africa 91 24 36 0.918 (0.012) 0.01800 (5.3x10-4) 0.95 No 0.05 No 0.48 No 
Asia 85 14 25 0.793 (0.033) 0.01224 (8.6x10-4) 0.79 No 0.38 No 0.64 No 
Europe 104 9 13 0.51 (0.055) 0.00379 (5.7x10-4) -0.59 No 0.31 No -0.02 No 
North America 48 4 21 0.689 (0.036) 0.01703 (8.9x10-4) 2.73 Yes•• 1.70 Yes•• 2.44 Yes•• 
Oceania 66 13 24 0.789 (0.026) 0.01331 (8.7x10-4) 1.11 No -0.66 No -0.02 No 
South America 30 4 16 0.524 (0.074) 0.01281 (1.7x10-3) 2.13 Yes• 0.81 No 1.44 No 
Legend: • P < 0.05
N = number of sequences = number of fleas •• P < 0.02
Hn = Number of haplotypes  ••• P < 0.001
S = number of variable sites 
h (SD) = haplotype diversity plus/minus standard deviation ! (SD) = nucleotide diversity plus/minus standard deviation
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3.3.5. Niche modelling on a global scale reveals ecologically discrete C. felis lineages and 
temperate distribution of C. canis 
The C. felis cox1 clades formed discrete geographical lineages when the coordinates of 
their collection sites were plotted on a world map (Figure 3.6). A paraphyletic ‘Temperate’ 
lineage of fleas (Clade 1 and Clade 2) and a ‘Tropical I’ lineage (Clade 3 and Clade 4) as well 
as a monophyletic ‘Tropical II’ lineage (Clade 5 and Clade 6) were identified (Figures 3.5 and 
3.8). The remaining Clade 7 and Clade 8 formed a monophyletic ‘African’ group restricted to 
the African continent (Figures 3.6 and 3.8). We observed a temperate distribution pattern of 
the dog flea with C. canis climatically restricted to the temperate zone in both the northern and 
southern hemispheres (Figure 3.6). In the northern hemisphere, C. canis was more abundant 
due to the greater landmass present in the temperate zone compared to the southern hemisphere 
and was not found lower than N27°. In the southern hemisphere, the C. canis was found no 
further north than S31° (Figure 3.6). The species C. connatus was restricted to South Africa 
where its dominant host, the Cape ground squirrel (X. inauris) resides (Beaucournu & Menier, 
1998). The oriental dog flea (C. orientis) was restricted to Asia and located throughout the 
tropical and northern subtropical zones (Figure 3.6). 
We tested the probability of the geographical lineages being constrained by bioclimatic factors 
(Figure 3.8). Our five models (C. felis, C. canis, Temperate, Tropical I and Tropical II) 
displayed very high predictive power with AUC values of over 0.900. However, these values 
should be interpreted with care since spatially biased datasets can often return high values and 
our sampling was largely opportunistic (Fourcade et al., 2014; Lobo Jorge et al., 2007). All 
models predicted test localities significantly better than random for the two tropical lineage 
models (P-values <0.001) and for C. felis, C. canis and the Temperate lineage models (P-values 
<0.0001). The C. felis model displayed a highly cosmopolitan distribution whilst the model for 
C. canis demonstrated temperately constricted distribution with virtually no suitable habitats
highlighted along the equatorial belt, except at high altitudes (for example in the Himalayas in
Sikkim, India) (Figure 3.8B).
Distribution modelling for C. felis lineages supported the presence of a temperate and two
tropical lineages of the species (Temperate, Tropical I and Tropical II). The temperate lineage
showed a similar distribution pattern to C. canis and the tropical lineage models demonstrated
habitat suitability primarily within the tropical zone with Tropical I model predicting a more
diffuse distribution compared to Tropical II. Assessment of the jackknife test results
(Supplementary Figure 4A-E) showed that the Temperate lineage and C. canis shared the same
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bioclimatic predictors for modelling their habitat distribution (Supplementary Figure 4A, E). 
Variables that related to cold temperatures such as minimum temperature of the coldest month 
(BIO06) and mean temperature of the coldest quarter (BIO11) contributed the most information 
to the model and were the best predictors of distribution when used in isolation of all other 
variables (Supplementary Figure 4A, E). Conversely, variables relating to precipitation were 
the best predictors of habitat distribution for the two tropical lineages of C. felis 
(Supplementary Figure 4B-C). These variables included annual precipitation (BIO12) and 
precipitation of the warmest quarter (BIO18). The most significant contributors to the C. felis 
distribution model were a mixture of factors relating to cold temperature such as mean 
temperature of the coldest quarter (BIO11) and precipitation, such as precipitation of the 
coldest quarter (BIO19) (Supplementary Figure 4D). 
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Figure 3.8. Predicted global geographic distribution of suitable habitat zones for 
Ctenocephalides felis lineages (A) and C. felis vs Ctenocephalides canis (B). 
Predictions based on presence data of all sequenced Ctenocephalides fleas and 19 
variables forming a bioclimatic envelope. A colour scale is used to show the predicted 
probability of habitat suitability with red indicating high probability that the bioclimatic 
conditions in the area are suitable for the species or lineage, green indicating conditions 
that are similar to those where the specimens are found and light blue indicating low 
probability of suitable conditions. White markers represent presence of a single flea. 
Phylogenetic trees were constructed from cox1 mtDNA sequences using the Minimum 
Evolution method and evolutionary distances were computed using the Kimura 
2-parameter (K2P) method with complete deletion. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (2000 replicates) are
displayed next to the branches. Branch values lower than 50% were discarded. 72
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3.4. Discussion 
With a global collection of Ctenocephalides fleas, we demonstrate ‘out-of-Africa’ origins 
for C. felis and its subsequent unequivocal global domination, accounting for 85% of fleas 
infesting cats and dogs across 57 countries. Regional studies that record fleas infesting cats and 
dogs have long claimed the predominance of C. felis on these domestic animals in most 
countries (Beck et al., 2006; Chandra et al., 2017; Horak, 1982; Linardi & Santos, 2012; 
Šlapeta et al., 2011). Our data provide the first empirical evidence of the ubiquity of the cat 
flea on a global scale, where cat and dog domestication and subsequent migration has led to 
worldwide distribution of C. felis. We demonstrate that C. felis and C. canis alone occupy all 
continents (excepting Antarctica), albeit the latter species demonstrating narrower host and 
climatic range and consequently lower abundance. We challenge the dogma that C. felis 
specimens collected in regional studies from different countries around the world are 
morphologically, phylogenetically and biologically identical. The presence of climatically 
limited phylogeographic populations of C. felis reveal genetic disparity between global flea 
communities caused by varying environmental predilections. 
3.2.1. Origins and global domination of C. felis 
It is generally accepted that the family Pulicidae originated in Africa, despite a lack of 
empirical evidence (Medvedev, 1998; Traub, 1985). Ancestral populations of a region exhibit 
higher genetic diversity values compared to populations that have recently expanded into novel 
territory (Ma et al., 2012; Savolainen et al., 2002). We demonstrate that Africa holds the 
highest genetic diversity for C. felis compared to all other continents and denotes an African 
origin for the species. Additionally, the C. felis fleas from Africa demonstrated the highest core 
ancestor cost (CAC) values denoting a more ancient population compared to other continents. 
Our analysis demonstrates an African common ancestor for all Ctenocephalides taxa collected 
in our study, including C. felis, C. canis, C. orientis, C. connatus and the putative 
Ctenocephalides sp. “AL909”, supporting African origins for the family as a whole. 
The evolution of pulicid fleas including C. felis likely occurred simultaneously with 
their carnivorous hosts, meaning that ancient cats and dogs and their domesticated descendants 
provided the means for early dispersal (Zhu et al., 2015). The African wildcat (F. s. lybica) 
had a distribution range that extended throughout Africa and the Near East, supporting our 
hypothesis of an African origin of C. felis (Driscoll et al., 2007). From the earliest known 
evidence of cat and dog domestication, humans began transporting these animals to new 
geographical locations, and undoubtedly had a profound effect on early Ctenocephalides 
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populations (Milham & Thompson, 1976; Oskarsson et al., 2011; Savolainen et al., 2004). The 
phylogeographic patterns of the continental cat flea communities correspond with the origins 
of cat and dog domestication and ancient human migration patterns. After Africa, the most 
ancient flea communities were found in Asia and Europe while the Americas held the 
‘youngest’, most recently emerged cat flea populations. The earliest evidence of cat 
domestication was discovered in China and the group of now extinct ancestral wolves that gave 
rise to the gray wolf (C. lupus) and the domestic dog (C. l. familiaris) originated in Europe (Hu 
et al., 2014; Thalmann et al., 2013). Dog domestication is thought to have occurred over two 
independent events, one in the western Eurasia and another in eastern Eurasia approximately 
15 000 years ago and they were the first domesticated animal to undergo human-mediated 
dispersal to all continents (Frantz et al., 2016; Larson et al., 2012; Oskarsson et al., 2011). 
These early domestication events are reflected in the older, genetically diverse cat flea 
populations of Asia and Europe. Given the close phylogenetic relationship of C. canis and C. 
orientis, and their dual affinity for canine hosts, the European and Asian distribution and 
ancestry of C. canis and C. orientis, respectively could be a reflection of these domestication 
events. Evidence suggests that humans began migrating out of Africa as early as 120 000 years 
ago but did not reach the Americas until 15 000 years ago possibly explaining the more recently 
evolved community of cat fleas in the Americas, characterised by low genetic diversity (Goebel 
et al., 2008; Groucutt et al., 2015; Stringer, 2011; Stringer, 2016).  
The near-boundless global distribution of the genetically homogeneous C. felis Clade 1 and 
the population structure for both Clade 1 and C. canis could be a reflection of the more recent 
migration of cats and dogs throughout the world resulting from extensive European exploration 
and colonisation. Maritime exploration and trade from the 15th to the 19th century allowed the 
dispersal of cats and possibly dogs, providing an opportunity for rapid flea dispersal and 
admixture between continental populations (Koch et al., 2016; Koch et al., 2015). Our data 
show that C. canis was not evolving neutrally and negative selective neutrality values suggest 
rapid recent global expansion. This mirrored the population structure of Clade 1 of C. felis, a 
likewise temperately distributed population. Fleas belonging to Clade 1 are the most globally 
ubiquitous and contain the most common haplotype by far for C. felis (n = 145/425). This is 
the only haplotype to be distributed across all continents (except Antarctica) and is now 
dominant in Australia and New Zealand (Chandra et al., 2017; Šlapeta et al., 2011). This 
genetic homogeneity within globally distributed populations likely denotes rapid expansion 
and consequent founder effects in each area as a result of modern human movement and 
globalisation (Avise, 2009).  
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Africa is the only continent that holds all eight clades of C. felis and recent human-mediated 
dispersal of these clades could in part explain the genetic homogeneity found among globally 
distributed populations under high levels of geographic separation. This is exemplified in C. 
felis Clade 4 consisting of 35 fleas (32 of these belonging to a single haplotype – h6) from the 
Central African Republic (C. f. strongylus morphology), the Seychelles (C. f. “transitional” 
morphology) and Georgia, USA (C. f. felis morphology). Both the Seychelles and Southern 
USA were involved in the transatlantic slave trade from the 16th to the 19th century with human 
cargo being sourced from West Africa including the region now called the Central African 
Republic, although the Seychelles was more heavily influenced by traders coming from east 
Africa (Avery, 2017; Lovejoy, 2011). The population structure of the cat fleas in North 
America and its territories demonstrate multiple sources of introduction of C. felis due to the 
presence of four geographically isolated populations (Koch et al., 2016). Undoubtedly, historic 
trade routes have affected the dispersal of domestic animals and their parasites throughout the 
world and likely resulted in the introduction of flea populations into novel environments from 
Africa. 
3.2.2. Climatic segregation of global Ctenocephalides fleas 
Like all ectoparasites with ‘off-host’ life stages, Ctenocephalides flea growth and 
reproduction is highly dependent upon environmental conditions and climatic factors such as 
air temperature and precipitation or humidity (Dryden & Rust, 1994; Galvez et al., 2017; 
Silverman & Rust, 1983; Silverman et al., 1981). The results of our analysis showed that, as a 
species, C. felis demonstrates high levels of ecological plasticity with a broad spectrum of 
suitable bioclimatic regions highlighted across multiple climatic zones. Conversely, no C. canis 
were found between the Tropic of Cancer and Tropic of Capricorn and the species displayed 
strict temperate habitat distribution. Within C. felis, we discovered three bioclimatically limited 
lineages: one temperate and two tropical.  
To understand which environmental factors represent the most significant drivers for flea 
distribution, we analysed the relative importance of each environmental variable utilised in our 
analysis (Booth et al., 2014). Relative contribution values are known to be relatively heuristic 
due to the nature of the Maxent algorithm and should be interpreted with care when 
environmental variables are highly correlated (Phillips, 2017). Our results showed that 
variables relating to cooler temperatures — for example, mean temperature of the coldest 
quarter — were best for predicting the distribution of C. canis fleas. This corroborates 
laboratory bioassays that reported narrower temperature ranges for optimal growth in dog fleas 
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compared to cat fleas (Baker & Elharam, 1992). The Temperate C. felis lineage containing the 
ubiquitous Clade 1 mirrored the temperate habitat prediction of C. canis, with cooler 
temperatures being the best indicator for predicting distribution of this lineage. On the other 
hand, the distribution of two tropical C. felis lineages (I and II) was predicted best when using 
variables related to precipitation and by extension, humidity.  
Cat fleas from equatorial African countries including the Ivory Coast, Guinea Bissau and 
Liberia fell within the Tropical I lineage and showed ecological predilection for warmer, more 
humid habitats. All specimens that had available vouchers were morphologically identified as 
C. f. strongylus. Differences in optimal development conditions have been recorded between
C. f. strongylus from the Ivory Coast and C. f. felis fleas from Europe, which were most likely
representatives of the Temperate C. felis lineage. The subspecies C. f. strongylus completes its
lifecycle at a slower rate in temperatures lower than 27°C when compared to C. f. felis; the
optimal temperature for development being 29°C compared to 27°C for C. f. felis (Yao et al.,
2006). This suggests that the environmental factors affecting the development of C. felis
subspecies in vitro have a biological basis and are reflective of the natural ecological niche of
these fleas within the tropical climatic zone.
3.2.3.  Taxonomy of C. felis and related species 
Our results confirm that the cat flea, C. felis is the most common flea infesting domestic 
cats and dogs around the world. The taxonomic classification of the global subspecies has not 
been systematically addressed for two decades and molecular data for the subspecies is lacking 
(Beaucournu & Menier, 1998; Ménier & Beaucournu, 1998). Using a multigene and cox1 DNA 
barcoding approach, coupled with comprehensive morphological analysis, we resolve the 
taxonomic ambiguity of C. felis as a species and demonstrate the presence of three subspecies: 
the cosmopolitan C. f. felis, recovered from every continent, and two subspecies restricted to 
the African region: C. f. strongylus and C. f. damarensis.  
The subspecies C. f. damarensis was raised to full species level during the 1990’s based on 
morphological investigations and historical observations of host preferences (De Meillon et 
al., 1961; Louw & Horak, 1995; Ménier & Beaucournu, 1998). Our cox1 DNA barcoding 
approach revealed little to no genetic distance between C. f. damarensis morphotypes and other 
C. felis morphotypes from Africa. Similarly, despite the morphological differences between C.
f. felis and C. f. strongylus morphotypes, many of these specimens shared the same or very
similar genetic identity. Previous studies have attempted to synonymise C. f. strongylus with
C. f. felis due to difficulties in differentiating the two in Africa, where the subspecies reside
76
______________________________ Chapter 3: The hitchhiker’s guide to world domination 
sympatrically (Ménier & Beaucournu, 1998; Vobis et al., 2004). Our work demonstrates that 
despite the presence of discernible morphological differences between C. f. felis, C. f. 
strongylus and C. f. damarensis, the subspecies lack genetic monophyly. 
Most agree that the definition of a subspecies dictates that the group of taxa must be 
recognisable by at least one feature or set of features, and that the taxa are geographically 
defined in some way (Patten, 2015; Wallin et al., 2017). Unlike in full species, reproductive 
isolation and reciprocal monophyly is not a prerequisite for the definition of a subspecies. As 
such, when geographical barriers separating the subspecies are overcome, hybridisation can 
occur leading to genetic homogeneity (Mayr, 1942; Patten, 2015). Due to the cosmopolitan 
distribution of the nominate subspecies C. f. felis including distribution throughout Africa, 
hybridisation between this subspecies and both African subspecies is highly probable, 
particularly since they can share the same hosts. The presence of ‘intermediate’ specimens in 
Africa classified here as C. f. “transitional” are possibly evidence of existing hybridisation 
between C. f. felis and C. f. strongylus. 
We demonstrated the efficiency of the cox1 mtDNA marker for identification and 
phylogenetic analysis of Ctenocephalides fleas. The mitochondrial genes provided the highest 
phylogenetic resolution compared to the nuclear genes, which did not delineate any clade 
structure. Since the nuclear genome mutates and evolves at a slower rate compared to 
mitochondrial DNA, the diversity seen in cox1 and cox2 may represent more recent 
divergences and thus utilisation of all four genes reveals the most comprehensive phylogenetic 
picture (Avise, 2009). Using the multigene approach, C. connatus, C. canis and C. orientis 
retained monophyly regardless of the gene marker, supporting full species status for these taxa. 
The latter two consistently formed sister clades, denoting a close phylogenetic relationship. 
The species C. orientis appears to have a canine host preference with 177 C. orientis collected 
from 29 dogs and only a single flea collected from one cat. This species is also known to infest 
small ruminants such as goats and sheep throughout Asia, which corroborates our elevation of 
C. orientis to full species (Ashwini et al., 2017). The fact that there are very few historical
cases of this species being collected from cats further corroborates this theory (Beaucournu &
Menier, 1998; Hopkins & Rothschild, 1953).
In summary, we confirm the full species status of C. orientis — originally described as an 
Asian subspecies of C. felis — which along with robust morphological separation, formed a 
discrete monophyletic unit.  Despite the taxonomic challenge presented by the intermediate 
specimens in Africa, the C. felis subspecies nonetheless exhibit conserved identifiable features; 
therefore, we reinstate and confirm the subspecies status of the following within C. felis:  
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C. f. felis (cosmopolitan)
C. f. strongylus (Africa and Arabian Peninsula)
C. f. damarensis (South Africa)
3.5. Conclusions 
Our global collection of fleas demonstrated African origins of Ctenocephalides and 
probable co-evolution with modern domestic cats and dogs, followed by consequent human-
mediated dispersal worldwide. The species C. felis is the most common flea found on cats and 
dogs globally, becoming entirely cosmopolitan as a result of global hitchhiking on these 
animals. The success of this parasite can be attributed to high phylogenetic diversity among 
worldwide C. felis populations that form discrete climatic lineages, allowing ecological 
plasticity of the species as whole. We taxonomically resolve C. felis, demonstrating the 
presence of three subspecies: cosmopolitan C. f. felis and two African subspecies 
C. f. strongylus and C. f. damarensis, whilst confirming full species status of C. canis,
C. orientis and C. connatus. The discovery of unique climatic lineages including the subspecies
of C. felis could have implications in vector borne disease transmission that may require
differing flea control approaches depending on locality and genotype. Studies investigating the
optimal growth and reproductive conditions for the bioclimatic lineages would further cement
our understanding of the biological implications behind the climatic distributions of these
genetic groups. Our study exposes some of the drivers behind the global dispersal and
proliferation of the most common flea on earth, thereby defining the factors associated with
this parasite’s success.
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Supplementary Table 2. Acknowledgement of contributions to the study. 
NAME CONTRIBUTION 
Aarti Amin Collection and donation of fleas from UK - London 
Abdullah Al-anazi Collection and donation of fleas from Saudi Arabia 
Ada Nelly Martínez Villalobos Collection and donation of fleas from Mexico 
Alan Marcus Collection and donation of fleas from Kangaroo Island 
Alice Broos Collection and donation of fleas from UK - Scotland 
Alistair Newbould Collection and donation of fleas from New Zealand 
Amy Lovett Collection and donation of fleas from Australia (NSW) 
Ana Margarida Alho Donation of fleas from Portugal 
Andrea Wilson Collection and donation of fleas from New Zealand 
Anne Fawcett Collection and donation of fleas from Australia (NSW), including fleas from foxes 
Anu Nareaho Donation of fleas from Finland 
Barbora Mitkova Donation of fleas from Slovakia 
Ben Gingold Collection and donation of fleas from Australia (NSW) 
Bettina Graefenstedt Collection and donation of fleas from Germany 
Bryce Peters Donation of fleas from Cairns caught in light traps 
Calin Gherman Assistance in transport and donation of fleas from Estonia 
Caroline Frey Collection and donation of fleas from Switzerland 
Caroline Marschner Donation of fleas from Austria 
Changbaig Hyun Collection and donation of fleas from South Korea 
Charlotte Sarre Collection and donation of fleas from Belgian 
Chelsea Ching Collection and donation of fleas from Hawaii 
Christie Foster Collection and donation of fleas from Australia (NSW) 
Claire Wade Collection and donation of fleas from Australia (NSW) 
Courtenay Bombara Collection and donation of fleas from Australia (Galiwinku, NT) 
Cristian Alvarez Collection and donation of fleas from Chile 
David Phalen Collection and donation of fleas from Australia (from fox in Bondi, NSW) 
Derek Spielman Collection and donation of fleas from South Africa and Thailand 
Djamel Tahir Collection and donation of fleas from Algeria 
Domenico Otranto Collection and donation of fleas from Greece and Italy 
Elias Papadopoulos Collection and donation of fleas from Greece 
Ettore Napoli Collection and donation of fleas from Italy (Sicily) 
Eva Osterman-Lind Collection and donation of fleas from Sweden 
Gustavo A. Reyes Collection and donation of fleas from Chile 
Ilana Mendela Collection and donation of fleas from Israel 
Jan Votypka Collection and donation of colony fleas from Germany 
Janet Foley Collection and donation of fleas from USA (Hoopa, CA) 
Jennifer Corwin Collection of fleas from USA (Seattle, WA) 
John Ulici Collection and donation of fleas from Canada 
Juliana Lúcia Costa Santos Collection and donation of fleas from Brazil 
Kai Dang Collection and donation of fleas from Tibet 
Katrina Gilchrist Collection and donation of fleas from Australia (NSW) 
Lea Tummeleht Collection of fleas from Estonia 
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Leonas Kriauceliunas Collection and donation of fleas from Lithuania 
Lina Bae Collection and donation of fleas from Australia (NSW) 
Lisel Coles Collection and donation of fleas from Hawaii 
Lucia Panakova Collection and donation of fleas from Czech Republic 
Lydia Tong Collection and donation of fleas from Thailand 
Madrona Murphy Collection and donation of fleas from USA (Lopez Island, WA) 
Marc-Antoine Rappart Collection and donation of fleas from France 
Mark Westman Donation of fleas from Scotland 
Mark Wiseman Collection and donation of fleas from New Zealand 
Martha Morin Collection and donation of fleas from Seychelles 
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Michael Reichel Collection and donation of fleas from Hong Kong 
Michael Ward Collection and donation of fleas from Australia (Galiwinku, NT) 
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Pedro Marcos Linardi Collection and donation of fleas from Brazil 
Jess King Collection and donation of colony fleas from Australia 
Philippe Parola Donation of colony fleas from France and donation of fleas from Algeria 
Queeny Yuen Collection and donation of fleas from Hong Kong 
Quintin Lau Collection and donation of fleas from Japan 
Rebecca Traub Collection and donation of fleas from India and flea DNA from Vietnam 
Richard Malick Co-ordination of collection and donation of fleas from Asia 
Robert Heger Collection and donation of fleas from Austria 
Sally Conlan Collection and donation of colony fleas from Australia 
Samantha Hsiang Ju Yang Collection and donation of fleas from Taiwan 
Saulius Petkevicius Collection and donation of fleas from Lithuania 
Shannon Donahoe Collection and donation of fleas from USA (Seattle, WA) 
Shona Chandra Coordination of collection and donation of fleas from New Zealand 
Sonevilay Nampanya Collection and donation of fleas from Laos 
Stephanie Williams Collection and donation of fleas from New Zealand 
Sze-Fui Hii Collection and donation of fleas from India and Australia (C. canis) 
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Theresa Howard Access to type specimens at the British Museum of Natural History, London 
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Victoria Morin-Adeline Collection and donation of fleas from Seychelles 
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Supplementary Table 3. Explanation for bioclimatic codes used for ecological niche 
modelling 
BIOCLIM 
code 
Explanation 
BIO01 Annual Mean Temperature 
BIO02 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 
BIO03 Isothermality (BIO2/BIO7) (* 100) 
BIO04 Temperature Seasonality (standard deviation *100) 
BIO05 Max Temperature of Warmest Month 
BIO06 Min Temperature of Coldest Month 
BIO07 Temperature Annual Range (BIO5-BIO6) 
BIO08 Mean Temperature of Wettest Quarter 
BIO09 Mean Temperature of Driest Quarter 
BIO10 Mean Temperature of Warmest Quarter 
BIO11 Mean Temperature of Coldest Quarter 
BIO12 Annual Precipitation 
BIO13 Precipitation of Wettest Month 
BIO14 Precipitation of Driest Month 
BIO15 Precipitation Seasonality (Coefficient of Variation) 
BIO16 Precipitation of Wettest Quarter 
BIO17 Precipitation of Driest Quarter 
BIO18 Precipitation of Warmest Quarter 
BIO19 Precipitation of Coldest Quarter 
Source: http://www.worldclim.org/bioclim 
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Supplementary Figure 1. Phylogenetic analysis of the fleas in the genus Ctenocephalides inferred from 
mitochondrial and nuclear DNA markers. The evolutionary history was inferred using the Minimum Evolution (ME), 
Maximum Likelihood (ML) and Bayesian framework (BF) with either linked or unlinked parameters (A). A multigene 
alignment was created by concatenation of cox1, cox2, histone H3 and EF-1α corresponding to 24 selected 
Ctenocephalides specimens and Echidnophaga ambulans ambulans as an outgroup (2428 nucleotides). Form ML 
model selection using the lowest Bayesian Information Criterion (BIC) scores. ML tree used GTR+G+I nucleotide 
models. ME tree was reconstructed from K2 distance matrix. BF with either linked GTR+G+I parameters (BF-linked) 
or unlinked GTR+G+I parameters (BF-linked) across the gene partitions. Branch support is shown at the branches, 
including bootstrap percent support using 2000 replicates (ME) and 1000 replicates (ML), followed by posterior 
probability (PP) based on 75000 trees (BF). Specimens are identified by their voucher identifier followed by species 
or subspecies/morphotype. At least one representative of each morphotype were selected. Sequence alignment of the 
amino acid variable sites for each clade and species is shown on the right. Residues identical to top sequence are 
displayed as dots (.). Question marks (?) denote codons containing variable nucleotides. Trees for individual partitions 
were reconstructed using ML with best model selected using BIC (cox1, cox1, Histone H3: T92+G, EF-1α: K2+G) 
with bootstraps from 500 replicates (B). 
Branch values lower than 50% were discarded. Trees are rooted using Echidnophaga ambulans ambulans 
 
(Siphonaptera: Pulicidae) – not shown. NB: This figure and caption were created by Jan Šlapeta. 90
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  Supplementary Figure 2. Photographic key for common Ctenocephalides species including C. felis inclusive 
of the three subspecies C. f. felis, C. f. strongylus and C. f. damarensis, C. canis, C. orientis and C. connatus. 
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 Supplementary Figure 2. (cont.) The curvature of flea cephalic profile in combination with the number of 
setae-bearing notches on the posterior margin of the hind tibia were used to initially differentiate C. felis, 
C. orientis and C. canis (6, 7 and 8 setae respectively). The number of setae present on the lateral metanotal
area (LMA) differentiated C. canis (3 setae) from all others (2 setae). The absence of an anterior bristle on the
occiput differentiated C. connatus from all other congeners, including C. canis which has a second setae in the 
posterior row unlike all others. Species identification was confirmed using sex-specific features including the 
presence of 2 – 8 micro-hairs above the antennal fossa in female C. orientis fleas and the presence of 3 – 4 setae
on the ventral surface of sternites 3 – 6 in C. connatus, compared to maximum two in all others. There are no
features of differentiation for C. f. damarensis females, and these specimens if present were likely classified as
either C. f. felis or C. f. “transitional”. For males, C. f. damarensis and C. connatus were differentiated by the
presence of 4 – 6 spiniform bristles on the plantar surface of fore-tarsi V, compared to only two present on the 
fore-tarsi of all others. The males of species C. canis and C. orientis were defined by the dilated apex of the
manubrium, compared to the constricted manubrium apex seen in C. felis, C. connatus and C. f. damarensis.
Finally, the remaining two subspecies of C. felis were determined using comparisons of the curvature of the
cephalic profile. Fleas possessing a frons with a relatively straight margin from the dorsal internal incrassation
to the oral angle were classified as C. f. felis, whereas those with a significantly rounded frons margin were
classified as C. f. strongylus. A total of 29 fleas were unable to be classified as either C. f. felis or C. f. strongylus
due to intermediate cephalic morphology and were therefore designated as C. f. “transitional”.
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Supplementary Figure 3. Probability of ancestral region of Ctenocephalides species by continent. 
Phylogenetic reconstruction of an alignment containing all unique cox1 sequences was conducted with 
a Bayesian framework using the Yule speciation prior with a Tamura-Nei + γ substitution model. Two 
chains of 50 million generations were run, with sampling conducted every 25,000 generations and with 
a burn-in period of 15 million. Probablities greater than 0.5 are displayed for internal nodes. Colours 
code for individual continents and show high probability for African origins of Ctenocephalides with 
coalescence of all lineages to an African ancestor.  
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Supplementary Figure 4A-E. (below) Receiver operating characteristic (ROC) curves and relative 
contribution of environmental variables for prediction of suitable habitat for Temperate (A), Tropical I 
(B), Tropical II (C), C. felis (D) and C. canis (E) models. The ROC curves for training (red) and test 
(blue) data along with area under the curve (AUC) values are given for each model to demonstrate 
predictive power. All models demonstrate very high predictive power with AUC values > 0.900 and 
test and training curves that track each other, well above the curve representing random prediction. 
Percentage contribution tables are given for each model, ranking the contributions of the bioclimatic 
variables in descending order. The first column gives values for the relative contribution of variables to 
the model based on the gain (a measure of goodness of fit similar to deviance) for each iteration of the 
training algorithm. The second column, permutation importance is calculated by randomly permuting 
the values of each variable in turn, then re-evaluating the model using permuted values. Any decrease 
in the AUC values compared to the original un-permuted model are normalized to percentages and 
presented here. To further evaluate the importance of each variable to each model, a jackknife test was 
performed, creating three charts demonstrating variable importance for test gain, training gain and AUC 
values (on test data), respectively. For each of these three datasets, three different models were run: for 
the first, each variable in turn was excluded from the model and the gain of the resultant model is 
demonstrated by the light blue bars. Shorter light blue bars denote variables that hold more information 
that is not present in the other variables, and are therefore more important for habitat prediction. The 
second model is created by using each variable in isolation, with the gain demonstrated by the dark blue 
bars. The longer the dark blue bars, the higher the gain when the variable is used by itself and thus the 
greater the importance of the variable for predicting distribution. The final model is created using all 
variables, as before for comparison and is denoted by the red bar. 
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Appendix A 
Flea sequence processing for AMOVA analysis
Andrea L. Lawrence, Cameron E. Webb, Nicholas J. Clark, Ali Halajian, Andrei Mihalca,
Jorge Miret, Gianluca D’Amico, Graeme Brown, Bersissa Kumsa, David Modry, Jan älapeta
Read in the C. felis dataset with sequences included
flea.data <- read.csv("Allseq_group assign_R.csv",as.is=T)
Table 1: Preview of flea sequence dataset
name species continent clade sequence
flea1 Cfelis South America Clade6 TCATT. . .
flea2 Cfelis South America Clade6 TCATT. . .
flea3 Cfelis South America Clade6 TCATT. . .
flea4 Cfelis South America Clade6 TCATT. . .
flea5 Cfelis South America Clade6 TCATT. . .
flea6 Cfelis South America Clade6 TCATT. . .
Fill in missing data values for clades and continents
flea.data$continent[which(flea.data$continent=="")] <-"unknown.continent"
flea.data$clade[which(flea.data$clade=="")] <-"unknown.clade"
Create a new matrix to store names of identical sequences
library(plyr)
uniq.flea.dat = ddply(flea.data,.(sequence),summarise,ident.fleas = list(name))
for(i in 1:nrow(uniq.flea.dat)){
uniq.flea.dat$new.name[i] = paste("uniq.flea",i,sep=".")
}
Create matrix needed for AMOVAs by spreading grouping columns into yes/no’s
library(dplyr)
library(tidyr)
pres.abs.matrix = flea.data %>%
mutate(yesno = 1) %>% spread(species, yesno, fill = 0) %>%
mutate(yesno = 1) %>% spread(continent, yesno,fill=0) %>%
mutate(yesno = 1) %>% spread(clade, yesno, fill=0) %>%
left_join(uniq.flea.dat[,c("sequence","new.name")]) %>%
dplyr::select(-name) %>% group_by(new.name,sequence) %>%
summarise_all(.funs=sum) %>% ungroup()
1
100
______________________________ Chapter 3: The hitchhiker’s guide to world domination 
Appendix B 
Supplement: Flea phylogenetic diversity calculations
Andrea L. Lawrence, Cameron E. Webb, Nicholas J. Clark, Ali Halajian, Andrei Mihalca,
Jorge Miret, Gianluca D’Amico, Graeme Brown, Bersissa Kumsa, David Modry, Jan älapeta
Load the pre-processed datasets made using code in Appendix Flea sequence processing for AMOVA analysis
load("Flea.data.processing.Rdata")
Load the Bayesian phylogeny distribution of unique flea sequences (built using BEAST)
library(ape)
raw.trees <- read.nexus( uniq.flea.combined.trees )
Gather flea sequence presence/absence data across biogeographical communities
regions = c("Africa","Asia","Europe",
"North America","Oceania",
"South America")
flea.conts.samps = data.frame(pres.abs.matrix[,regions])
rownames(flea.conts.samps)<-pres.abs.matrix$new.name
Table 1: Preview of flea community dataset
Africa Asia Europe North.America Oceania South.America
uniq.flea.1 0 1 0 0 0 0
uniq.flea.10 0 0 0 0 3 0
uniq.flea.11 0 0 1 0 0 0
uniq.flea.12 1 0 0 0 0 0
uniq.flea.13 0 0 0 0 0 1
uniq.flea.14 0 0 0 0 1 0
Convert community data to format for phylogenetic diversity calculations. Here we need binary data with
sequences as rows and communities as columns
flea.NRI.data = t(flea.conts.samps)
flea.NRI.data[flea.NRI.data>0]=1
Table 2: Preview of binary diversity dataset
uniq.flea.1 uniq.flea.10 uniq.flea.11 uniq.flea.12 uniq.flea.13 uniq.flea.14
Africa 0 0 0 1 0 0
Asia 1 0 0 0 0 0
Europe 0 0 1 0 0 0
North.America 0 0 0 0 0 0
Oceania 0 1 0 0 0 1
South.America 0 0 0 0 1 0
1
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Appendix C 
Flea AMOVA calculations
Andrea L. Lawrence, Cameron E. Webb, Nicholas J. Clark, Ali Halajian, Andrei Mihalca,
Jorge Miret, Gianluca D’Amico, Graeme Brown, Bersissa Kumsa, David Modry, Jan älapeta
Load the pre-processed datasets made using code in Appendix Flea sequence processing for AMOVA analysis
load("Flea.data.processing.Rdata")
Arrange the dataset to run AMOVAs based on continents / larger regions
flea.conts.samps = data.frame(pres.abs.matrix[,c("Africa","Asia","Europe",
"North America","Oceania",
"South America")])
rownames(flea.conts.samps)<-pres.abs.matrix$new.name
Table 1: Preview of flea by continents dataset
Africa Asia Europe North.America Oceania South.America
uniq.flea.1 0 1 0 0 0 0
uniq.flea.10 0 0 0 0 3 0
uniq.flea.11 0 0 1 0 0 0
uniq.flea.12 1 0 0 0 0 0
uniq.flea.13 0 0 0 0 0 1
uniq.flea.14 0 0 0 0 1 0
We need to specify hierarchical groupings for ‘samples’. In this case, continents are samples, so we group
these samples into larger biogeographical ‘regions’
flea.structures = data.frame(regions=c("Ancestral","Ancestral","Ancestral",
"Derived","Ancestral","Derived"))
Run the AMOVA using functions in the ade4 package
library(ade4)
cont.test<-amova(flea.conts.samps,seq.dist,flea.structures)
Table 2: AMOVA results
Df Sum Sq Mean Sq
Between regions 1 0.1324163 0.1324163
Between samples Within regions 4 0.3948430 0.0987108
Within samples 418 5.9417959 0.0142148
Total 423 6.4690552 0.0152933
Phi
Phi-samples-total 0.1027311
Phi-samples-regions 0.0747617
Phi-regions-total 0.0302294
1
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One sentence summary: This study demonstrates changes to the microbial composition of fleas following surface cleaning using a bleach wash and
highlights parallels between the flea microbiome and flea host ecology.
Editor: Julie Olson
ABSTRACT
Fleas (Siphonaptera) are ubiquitous blood-sucking pests of animals worldwide and are vectors of zoonotic bacteria such as
Rickettsia and Bartonella. We performed Ion Torrent PGM amplicon sequencing for the bacterial 16S rRNA gene to compare
the microbiome of the ubiquitous cat flea (Ctenocephalides f. felis) and the host-specific echidna stickfast flea (Echidnophaga a.
ambulans) and evaluated potential bias produced during common genomic DNA-isolation methods. We demonstrated
significant differences in the bacterial community diversity between the two flea species but not between protocols
combining surface sterilisation with whole flea homogenisation or exoskeleton retention. Both flea species were dominated
by obligate intracellular endosymbiont Wolbachia, and the echidna stickfast fleas possessed the endosymbiont Cardinium.
Cat fleas that were not surface sterilised showed presence of Candidatus ‘Rickettsia senegalensis’ DNA, the first report of its
presence in Australia. In the case of Rickettsia, we show that sequencing depth of 50 000 was required for comparable
sensitivity with Rickettsia qPCR. Low-abundance bacterial genera are suggested to reflect host ecology. The deep-sequencing
approach demonstrates feasibility of pathogen detection with simultaneous quantitative analysis and evaluation of the
inter-relationship of microbes within vectors.
Keywords: microbiome; Siphonaptera; vector; Rickettsia; Wolbachia; cat flea
INTRODUCTION
Fleas are ubiquitous ectoparasites occupying a vast range of
niches worldwide. The common cat flea (Ctenocephalides f. felis) is
particularly cosmopolitan and causes substantial veterinary and
medical concern, as well as financial burden due to costs asso-
ciated with flea control for pets (Kra¨mer and Mencke 2001; Rust
2005; Blagburn and Dryden 2009). Globally there are over 2500
recorded species of flea (Whiting et al. 2008). In Australia, there
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are 83 species and subspecies of flea, 73 of which are indige-
nous (Dunnet and Mardon 1974). These indigenous species are
commonly host specific, infesting native Australian animals in
contrast to the cosmopolitan host-generalist species introduced
with European man and his animals. The population of fleas in-
festing cats and dogs in urban areas of Australia is dominated
by the cat flea, C. f. felis (Sˇlapeta et al. 2011). However, the first
flea to be described in Australia in 1886 was the native species
Echidnophaga ambulans ambulans which is host specific for the
short-beaked echidna (Tachyglossus aculeatus) and typically oc-
cupies rural and natural bushland environments Australia-wide
(Dunnet and Mardon 1974).
The near-constant presence of generalist flea species in
households and veterinary clinics represents significant poten-
tial for the transfer of flea-borne zoonotic pathogens to hu-
mans. Fleas associated with urban and wild animals are vec-
tors of bacterial zoonoses such as the plague (Yersinia pestis),
murine typhus (Rickettsia typhi), flea-borne spotted fever (R. fe-
lis), cat-scratch disease (Bartonella henselae) and associated infec-
tions caused by Bartonella spp. (Eisen and Gage 2012). The intro-
duction of deep-sequencing technologies applied tomicrobiome
investigation is pertinent in the progression of vector-borne
pathogen detection and surveillance in public health (Miller et
al. 2013). Microbiome data have proven informative for evaluat-
ing pathogen dynamics in other blood-sucking arthropods such
as ticks (Narasimhan and Fikrig 2015).
The aims of this study were 3-fold: (i) to demonstrate differ-
ences in the microbiome of two flea species occupying different
ecological niches; (ii) to evaluate potential bias produced during
genomic DNA isolation; (iii) to establish the feasibility of utilis-
ing next generation deep-sequencing to detect established and
putative pathogens of public health importance within vector
arthropods. We performed Ion Torrent PGM amplicon sequenc-
ing for the bacterial 16S rRNA gene to compare the microbiome
of the ubiquitous and host generalist cat flea (C. f. felis) and the
native echidna stickfast flea (E. a. ambulans), which is host spe-
cific to the echidna (T. aculeatus). Genomic DNA-isolation pro-
tocols combining surface sterilisation or no sterilisation with
entire flea homogenisation (via crushing) or retention of the
flea exoskeleton were compared. In addition, genomic DNA was
screened for the presence of Rickettsia spp. DNA using real-time
PCR and conventional PCR to evaluate the sensitivity of 16S
rRNA gene microbiome data. The Ion Torrent PGM amplicon se-
quencing approach enables rapid assessment of the presence of
pathogens and endosymbionts in fleas.
MATERIALS AND METHODS
Flea identification and processing
Fleas were selected from samples previously donated to the Uni-
versity of Sydney (Sˇlapeta et al. 2011). The cat fleas (C. f. felis) for
microbiome analysis were collected in 2010 (n = 8) from a vet-
erinary clinic in the greater Sydney region, New South Wales,
Australia. Female fleas were randomly selected from a single
vial containing pooled fleas from 32 dogs and 8 cats. Additional
cat fleas were collected in 2014 (n = 11) from seven dogs and
six cats. The echidna stickfast fleas (E. a. ambulans) were col-
lected from a wild short-beaked echidna in remote northwest
New SouthWales donated in 2013 (n= 8). All fleas were stored in
96% ethanol at −20◦C. Flea species classification was confirmed
using a stereomicroscope with the aid of keys and descriptions
from literature (Hopkins and Rothschild 1953; Dunnet and Mar-
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Figure 1. Schematic representation of flea pre-processing protocols. Four differ-
ent pre-processing protocols were used for each flea species. To eliminate sur-
face bacteria andDNA, fleaswere cleanedwith 1% sodiumhypochlorite solution.
Flea exoskeletons were either destroyed through homogenisation with pestle
and glass beads or a single anterior-dorsal incision into the flea abdomen was
applied to retain the exoskeleton as voucher specimen. Genomic DNA was iso-
lated using Isolate II Genomic DNA kit (BioLine, Australia).
don 1974). A random subset of eight female fleas was selected
from each flea species (n = 16) for genomic DNA isolation.
Genomic DNA isolation
Isolate II Genomic DNA kit (BioLine, Australia) was used with
the followingmodifications. Four different pre-processing proto-
cols were used for each flea species (Fig. 1). To eliminate surface
bacteria and DNA, a protocol from a tick microbiome study was
adopted (Ponnusamy et al. 2014). Briefly, fleaswerewashed in the
following solutions within 1.5 mL tubes for 1 minute each, aided
by gentle manual agitation (i) 1% sodium hypochlorite solution
(bleach, NaClO), followed by (ii) sterile 1x phosphate buffered
saline (pH = 7.4, PBS), (iii) absolute ethanol and finally (iv) rinsed
five times in PBS. To isolate genomic DNA flea exoskeletonswere
disrupted either through entire homogenisation of the flea or
through a single incision of the abdomen. Entire flea homogeni-
sation was performed by crushing individual air dried fleas in
a 1.5 mL tube with 80 μL of lysis buffer and 50 μL sterile 212–
300 μm glass beads (Sigma-Aldrich, Australia) for 3 minutes us-
ing bleach sterilized and autoclaved plastic pestles (Eppendorf,
Australia). This was followed by addition of 100 μL of lysis buffer
and 25 μL of Proteinase K and isolation was completed as per kit
instructions (Isolate II Genomic DNA kit). To retain flea voucher
exoskeletons, individual fleaswere incised in the anterior-dorsal
section of the abdomen using a sterile scalpel, air dried (10 min)
and placed in 180 μL of lysis buffer and with 25 μL of Proteinase
K (Isolate II Genomic DNA kit) as previously described specimen
(Lawrence et al. 2014). These mixtures were incubated in a dry
heat block overnight according the instructions for Isolate II Ge-
nomic DNA kit (BioLine, Australia). All DNAwas eluted into 50μL
Tris buffer (pH = 8.5) and stored at −20◦C. For those fleas that
were not homogenised whole, exoskeletons were placed in 10%
potassium hydroxide for 1 hour, rinsed with ROwater and dehy-
drated in an ethanol series (70%, 80%, 95%, 100%) for 1 hour each.
The specimens were then slide-mounted in Euparal (Australian
Entomological Supplies, Coorabell Australia).
PCR amplification of flea mitochondrial DNA cox1 gene
A 601 base pair 5′ fragment of the cytochrome c subunit I (cox1)
gene was amplified using PCR with forward primer: LCO1490
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(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) (Folmer et al.
1994) and reverse primer Cff-R [S0368] (5′-GAA GGG TCA AAG
AAT GAT GT-3′) (Lawrence et al. 2014) as previously described
(Whiting et al. 2008; Lawrence et al. 2014). All PCR runs included
sterile PCR-grade water used as a negative control and flea DNA
known to amplify at these conditions used as a positive con-
trol. All PCR products that yielded an unambiguous single ampli-
con of the expected product size were directly and bidirection-
ally sequenced following purification at Macrogen Inc. (Seoul,
Korea). Sequences were assembled, aligned and analysed using
CLC Main Workbench 6.9.1 (CLC Bio, Denmark). Sequences were
deposited in GenBank (National Centre for Biotechnology Infor-
mation, NCBI) under accession numbers: KR363632–KR363646,
KT376420–KT376440.
Amplification of bacterial 16S rRNA gene and Ion
Torrent PGM platform sequencing
The V4 variable region of the bacterial 16S rRNA gene was am-
plified using 16S-515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and
16S-806R (5′-GGA CTA CVS GGG TAT CTA AT-3′) (Caporaso et al.
2011). A single-step PCR with the HotStarTaq Plus Master Mix
Kit (Qiagen, USA) included 94◦C for 3 min, followed by 28 cy-
cles of 94◦C for 30 s, 53◦C for 40 s and 72◦C for 1 min and a final
step at 72◦C for 5 min. Amplicon diversity sequencing services
(bTEFAP R©) were performed at MR DNA (www.mrdnalab.com) on
an Ion Torrent PGM following the manufacturer’s guidelines.
Microbiome sequence data analysis
Sequences were quality processed and analysed using QIIME
1.9.0 / 1.9.1 (Lozupone and Knight 2005) available through The
University of Sydney HPC Service. The raw dataset was de-
pleted of barcodes and primers, followed by sequences <200
bp, sequences with ambiguous base calls and those with ho-
mopolymer runs exceeding 6 bp. Sequences were denoised,
operational taxonomic units (OTUs) generated and chimeras
removed. OTUs were defined by clustering at 97% sequence
similarity using ‘uclust’ (Edgar 2010). Final OTUs were taxo-
nomically classified using BLASTn against the curated Green-
Genes (13 8) based database (McDonald et al. 2012). Community
(alpha) diversity assessment on a rarefied dataset (50 000 se-
quence reads per sample with more than 10 sequence reads per
OTU cluster) was performed using ‘alpha diversity.py’ script and
the following matrices: observed species (unique OTU clusters),
Chao1, PD whole tree (Faith’s Phylogenetic Diversity), Shannon
and Simpson. Significance between the categories was assessed
using ‘compare alpha diversity.py’ script with both parametric
(1000 permutations) and nonparametric tests. Comparison of
bacterial genera based on surface treatment was performed on
a full OTU dataset, taxonomy was summarised to the genus
level (L6) and reported raw count and genera with less than
10 sequence reads were removed. Genera removed by a treat-
ment were counted according to the following parameters:
no sequence read present in treated fleas with correspond-
ing count for untreated fleas unbleached being more than or
equal to 10. Beta diversity as a community diversity divergence
between samples was assessed after rarefaction for weighted
and unweighted UniFrac distances as implemented in QIIME
(Lozupone and Knight 2005). UniFrac distances were compared
using non-parametric test AnoSim and ADONIS implemented in
‘compare categories.py’ script with 10 000 permutations to de-
termine significance. Beta diversity was evaluated after rarefac-
tion to 50 000 sequence reads or maximum sequence depth
across the samples. The BIOM table was reduced by removing
singletons or OTUs with less than 10 sequences. Principle coor-
dinate analysis (PCoA) was performed on the UniFrac matrices
from the beta diversity calculation and plotted using EMPeror
as implemented in QIIME (Vazquez-Baeza et al. 2013). ANOVA
with Bonferroni correction for multiple comparisons test im-
plemented in ‘group significance.py’ script was used to com-
pare abundance of taxonomic categories between flea species
and treatment groups. To establish the genus detection limit
of sequencing depth the dataset was rarefied at 60 000 to 1000
sequence reads. For each depth, 10 datasets were created and
analysed using ‘group significance.py’ script. Heatmaps with hi-
erarchial clusteringwere produced in RStudio (version 0.98.1091,
2014) through processing of OTU tables, R (RCoreTeam 2013); R
package ‘vegan’ (Oksanen et al. 2015) using Bray–Curtis dissim-
ilarity matrix; R package ‘gplots’ (Warnes et al. 2015) using heat
maps. All 16S rRNA gene sequences assigned to genus Rickettsia,
Toxoplasma and Theileria were retrieved and aligned with avail-
able sequences uploaded from GenBank using CLC Main Work-
bench 6.9.1 (CLC bio, Denmark). Evolutionary analyses of 16S
rRNA gene sequences were conducted using MEGA6.06 (Tamura
et al. 2011), sequence divergences were calculated using the
Kimura 2 parameter (K2P) distancemodel, and phylogenetic tree
was inferred using minimum evolution and the bootstrap sup-
port inferred from 1000 replicates.
Diagnostic Rickettsia real-time PCR and
conventional PCR
Two PCR assays were utilised to screen for Rickettsia spp. (i) a di-
agnostic TaqMan probe real-time PCR assay targeting the gltA
gene of Rickettsia spp. (Stenos, Graves and Unsworth 2005), with
modifications as described previously (Hii et al. 2013; Lawrence
et al. 2015); (ii) a conventional PCR assay targeting the ompB gene
of typhus group and spotted fever group rickettsiae (Paris et al.
2008). All PCR runs included a negative control of sterile PCR-
grade water and a positive control of cultured R. honei. PCRs that
yielded an unambiguous single band product (∼300 bp for ompB)
were directly and bidirectionally sequenced using amplification
primers at Macrogen Inc. (Seoul, Korea). Sequences were assem-
bled, aligned with related sequences and analysed using CLC
MainWorkbench 6.9.1 (CLC bio, Denmark) and deposited in Gen-
Bank (NCBI) under the Accession Numbers: KT329424–KT329427
and KT802868–KT802870. Evolutionary analyseswere conducted
in MEGA6.06 (Tamura et al. 2011). Multiple sequence alignment
was constructedwith a selection of reference sequences of ompB
and phylogenetic analyses conducted as describe above.
Data accessibility
Nucleotide sequence data from this study are available
in the GenBank (NCBI) database under accession numbers
KR363632–KR363646, KT376420–KT376440, KT329424–KT329427,
KT802868–KT802870 and the SRA database under BioProject ac-
cession number: PRJNA287620. BIOM and associated files are
available at LabArchives [http://dx.doi.org/10.6070/H41834H1].
RESULTS
Morphological flea species identification confirmed
using mtDNA cox1 gene
All cat fleas sourced in 2010 belonged to the cox1 haplotype 1 of
C. f. felis and fleas sourced in 2014 were either cox1 haplotype 1
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or different by a single nucleotide polymorphism (Lawrence et al.
2014). The echidna stickfast flea (E. a. ambulans) cox1 sequences
formed two haplotypes, different by a single nucleotide poly-
morphism. The echidna stickfast flea cox1 haplotypes were 92%
identical to the poultry stickfast flea (E. gallinacea), nevertheless
the genus remainedmonophyletic in a phylogenetic reconstruc-
tion at cox1 (data not shown).
Flea microbiome obtained using Ion Torrent PGM 16S
rRNA gene sequencing
A total of 2 066 716 high-quality sequence reads ranging from
61 292 to 218 498 reads per sample were obtained from 16 fleas
(i.e. eight fleas for each species). Analysis was carried out with
data rarefied to 50 000 sequences per sample and 61 292 reads
per sample. Initially, a total of 6212 OTU clusters and 4147 single-
tons were obtained. There were 2529 OTU clusters represented
by 10 or more reads across the dataset (Table S1, Supporting
Information). A single cluster dominated all flea samples rep-
resenting a mean community contribution of 55.8% of the se-
quence reads total, ranging from 27.5% to 80.6% sequence reads
per sample. This OTU cluster constituted 44.7% of all sequences
resolved from the echidna stickfast fleas and 71.7% for the cat
fleas. The next two most abundant OTU clusters represented
each 6% of the total sequence reads.
Flea species present significantly different bacterial
community diversity
There were significantly higher OTU counts for the echidna
stickfast flea compared to the cat flea (P-value ≤ 0.001) using
both parametric and nonparametric tests. Samples yielded a
mean of 1 112.6 OTUs (S.D. 64) for the echidna stickfast fleas and
a mean of 700.4 OTUs (S.D. 29) for cat fleas. Diversity analyses
using Chao-1, Faith’s Phylogenetic Diversity, Simpson and Shan-
non indices showed significantly greater microbial diversity in
the echidna stickfast flea compared to the cat flea when the
dataset was split into flea species only (P-value ≤ 0.001). There
was no significant difference between type of homogenisation
and surface cleaning groups (P-value > 0.05).
Approximately 99.2% of all sequences fell within three as-
signed phyla represented by Proteobacteria (89.3%), Bacteri-
odetes (6.0%) and Tenericutes (4.1%) (Table S1, Supporting In-
formation). The genusWolbachia (Proteobacteria: Rickettsiaceae)
was the dominant genus (84.6%) across both flea species, the
echidna stickfast flea (78.9%) and the cat flea (86.8%) (Fig. 2A).
The twomost prevalent OTU clusters corresponded to the genus
Wolbachia. The third most abundant OTU cluster corresponded
to Cardinium (Bacteroidetes: Cytophagales) and was present al-
most entirely in the echidna stickfast fleas (11.7%), and only
rarely in the cat fleas (< 0.001%) (Fig. 1A). Dual clustering of five
bacterial genera (Wolbachia, Cardinium, Gallibacterium, Deinococ-
cus, Pseudomonas and Staphylococus) that remained after remov-
ing low-abundance (< 0.02%) genera and genus-unassigned OTU
clusters resulted in marked separation of the echidna stickfast
flea and cat flea samples (Fig. 1A). Removing the highly abundant
(> 45%) genera followed by removing low-abundance (< 5%) gen-
era resulted in improved resolution ofGallibacterium,Deinococcus,
Pseudomonas and Staphylococus distribution across the flea sam-
ples (Fig. 1B). In particular, two unclassified genera belonging
to Rickettsiales: Holosporaceae and Entomoplasmatales were
markedly more abundant in two (AL013.6 and AL013.9) echidna
stickfast flea (8.1% and 47.7% total abundance) and two (AL357.1
and AL357.6) cat fleas (33.0% and 29.8% total abundance),
respectively (Fig. 2B).
We then investigated the effect of rinsing fleas with 1%
sodium hypochlorite (NaClO) on specific bacterial DNA recov-
ered. The assumption was that such treatment would remove
bacteria on the surface of the fleas analogous to previous stud-
ies involving other insects, arthropods and forensic material
(Kemp and Smith 2005; O’Rorke et al. 2013; Ponnusamy et al.
2014). In comparison to the untreated fleas, surface cleaning us-
ing sodium hypochlorite resulted in 14 bacterial genera being
depleted from the cat flea samples and 35 genera being depleted
from the echidna stickfast flea samples (Table S2, Supporting
Information). One of the genera removed by sodium hypochlo-
rite in cat fleas was Rickettsia, some species of which are signifi-
cant zoonotic pathogens. This genus was present only in all un-
treated cat fleas (n = 4) (Table S2, Supporting Information). No
bacterial genera that were removed by surface cleaning were
shared between the two flea species. Moreover, some genera
were present only in bleach-treated flea samples and not in un-
treated samples. This included an additional 35 genera in sur-
face cleaned cat fleas and 14 genera in surface cleaned echidna
stickfast fleas (Table S2, Supporting Information).
Bacterial community diversity divergence is
significantly different between flea species
There was a significant difference between the flea species
groups when evaluating their community diversity using un-
weighted (AnoSim, R = 1.00, P-value < 0.001; ADONIS, R2 =
0.33, P-value = 0.002) and weighted (AnoSim, R = 0.51, P-
value = 0.002; ADONIS, R2 = 0.35, P-value < 0.001) UniFrac dis-
tances. The effect of flea species remained significant even af-
ter removal of OTUs with less than 10 sequence reads (un-
weighted UniFrac: AnoSim - R = 1, P-value < 0.001, ADO-
NIS - R2 = 0.46, P-value < 0.001; weighted UniFrac: Anosim
- R = 0.51, P-value < 0.001, ADONIS - R2 = 0.35, P-value <
0.001) or rarefying the samples to the maximum depth (af-
ter removal of singletons) of 61 088 sequence reads per sam-
ple. Both cleaning and homogenisation had no significant ef-
fect on the community diversity using both weighted and un-
weighted UniFrac (AnoSim, R < 0.1, P-value > 0.7; ADONIS,
R2 < 0.10, P-value > 0.7). We used UniFrac distances to construct
a PCoA scatterplot (Fig. 2C). The PCoA demonstrated strong
separation of the cat flea microbiomes and the echidna stick-
fast flea microbiomes along the primary coordinate 1 (PC1) axis
(Fig. 2C), neither cleaning nor homogenisation demonstrated
separation along any PC axis (Fig. 2D and E). Cat fleas (AL357.1
and AL357.6) abundant in Entomoplasmatales formedmarkedly
separated samples along the PC2 axis (Fig. 2B and C). Similarly,
echidna stickfast fleas (AL013.6 and AL013.9) that possessed
abundant genera belonging to Rickettsiales: Holosporaceae
formed a separated group along the PC3 axis (Fig. 2B and C).
Presence of zoonotic (Rickettsia and Toxoplasma) and
animal (Theileria) pathogens
All OTU taxonomical assignments were searched for potential
primary pathogens (Table S1, Supporting Information). Seven
OTU clusters (60 sequence reads) from cat fleas were as-
signed to the genus Rickettsia, a genus containing zoonotic
bacteria (Parola, Davoust and Raoult 2005). Inspection of the
16S rRNA gene sequence alignment compiled with representa-
tive 16S rRNA gene sequences of known Rickettsia species and
phylogenetic analysis confirmed taxonomical assignments as
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Figure 2. Bacterial 16S rRNA genemicrobiome of the cat flea (C. f. felis) and the echidna stickfast flea (E. a. ambulans). Dual hierarchical dendrograms showing taxonomic
assignments with each flea clustered (A, B). Samples with more similar microbial populations are clustered closer together. The heat map summarizes the relative
abundance of the bacterial genera. (A) Low-abundance (<0.02%) bacterial genera removed to show dominant Wolbachia followed by Cardinium. (B) Highly abundant
(>45%) bacterial genera excluded from the initial dataset followed by removal of low-abundance (<5%) genera to show distribution of low abundance genera. Samples
are colour coded and labelled according to pre-processing procedure. The legend indicates colours corresponding to the relative abundance of genus per sample
as a percentage of the total. Principal coordinate plot of unweighted UniFrac distances with samples colour coded based on the flea species (C), cleaning (D) and
homogenisation (D). PC, principle coordinate. Fleas identified to possess Entomoplasmatales (B) and Holosporaceae (B) are encircled (C). Highly abundant genera
present in the low abundance set are labeled with *(B).
Rickettsia, however species assignment was impossible due to
a lack of resolution at this locus (Fig. 3A). Rickettsia spp. 16S
rRNA gene sequences formed a monophyletic group to families
Anaplasmataceae, Midichloriaceae and Holosporaceae within
order Rickettsiales (Fig. 3A). Several OTU clusters were mapped
to a plastid genome of eukaryotes. Plastids, such as the chloro-
plast of plants and the apicoplast of Apicomplexa, are an-
cient bacteria possessing their own genome that were en-
slaved by the eukaryotic cells through endosymbiosis (Gould,
Waller and McFadden 2008). The plastid sequences matching
Apicomplexa likely originate from the blood meal that the
fleas consumed from their respective hosts, because of their
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 OTU2277 (AL357.5:HB8NO0117000972)
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 X61768 Wolbachia pipientis
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Figure 3. Phylogenetic inference of zoonotic (Rickettsia and Toxoplasma) and animal (Theileria) pathogens identified in fleas. Minimum Evolution tree based on 16S rRNA
gene sequences of Rickettsiales (A) and Apicomplexa (B). Bootstrap support values (1000 replicates) are shown next to the branches. The evolutionary distances were
computed using the Maximum Composite Likelihood method and are in the units of number of base substitutions per site. New sequences are representative of the
OTU contigs, each identified by OTU number, flea identifier and sequence read identifier. The analysis involved 40 (A) and 19 (B) nucleotide sequences, all positions
containing gaps and missing data were eliminated, and there were a total of 240 (A) and 209 (B) positions in the final dataset. Phylogenetic tree based Rickettsia spp.
ompB gene showing the position of Candidatus ‘R. senegalensis’ (C). The ompB tree was inferred using the Minimum Evolution method with distances calculated using
Kimura 2-parameter method with bootstrap support (1000 replicates) shown on the branches. The tree was rooted using Rickettsia prowazekii ompB gene sequence.
Sequences identical to ompB gene of R. felis were not included, but shown as identical in the box (C).
known presence in cat, dog and echidna blood. Comparison
of the obtained sequences with available plastid genomes of
Apicomplexa confirmed presence of significant pathogens Toxo-
plasma gondii and Theileria tachyglossi. Two OTU clusters (9 reads)
from a cat flea (AL357.7) matched the plastid (apicoplast) en-
coded 16S rRNA gene of T. gondii (U87145) and phylogenetic anal-
ysis confirmed its taxonomic assignment within the cyst form-
ing coccidians (Apicomplexa) (Obornik et al. 2002). Similarly Th.
tachyglossi (Mackerras 1959) represented by two OTU clusters
(43 sequence reads), a known blood parasite of echidnas, was
found in three (AL013.7, AL013.8, AL013.9) echidna stickfast fleas
(Fig. 3B).
Minimum sequencing depth for detection of
Rickettsia spp.
The genus Rickettsia was one of five genera whose presence and
abundance was significantly different across the assigned treat-
ment groups (ANOVA, P-value < 0.05). OTUs matching genus
Rickettsia were present only in the cat flea group that were not
surface cleaned (AL357.5-8). The abundance of genus Rickettsia
remained significant (ANOVA, P-value < 0.05) for a depth of
60 000 sequences for all 10 datasets. At 50 000, 40 000, 30 000
and 20 000 sequencing depth, 9, 8, 8 and 5 datasets returned the
abundance of genus Rickettsia as significant. Rarefaction from
depths of 1000–60 000 sequences per flea sample demonstrated
that the presence of RickettsiaOTUs in all 10 datasets from the cat
fleas (AL357.5-8) occurred only at a depth of 40 000 sequences,
(Fig. 4). However, at 40 000 sequences, two datasets returned sin-
gletons that would be removed during the singleton removal
pre-processing step. At a sequencing depth of 10 000 and un-
der, Rickettsia were scarcely represented (Fig. 4). For example
at a depth of 2000 sequences, Rickettsia was detected in three
replicates (one represented by two sequence reads and twice by
a singleton).
Candidatus ‘Rickettsia senegalensis’ DNA removed from
cat fleas by surface bleaching treatment
The presence of Rickettsia spp. in the genomic DNA of cat fleas
(AL357) that did not undergo surface cleaning demonstrated by
the 16S rRNA gene microbiome assay was further confirmed by
a real-time PCR assay targeting the Rickettsial gltA gene and
run in duplicate (Table S3, Supporting Information). The av-
erage Ct-value for the DNA from cat fleas that were not sur-
face cleaned was 33.29 (95% confidence interval, range: 32.39–
34.18) compared to all surface-cleaned fleas that remained neg-
ative in the real-time PCR. Only a single real-time PCR for a
single surface cleaned cat flea (AL357-3) returned a high Ct
value of 36.48 (Table S3, Supporting Information). Conventional
PCR targeting the Rickettsia ompB gene of cat fleas that were
not surface cleaned revealed four fleas positive for Rickettsia
spp. (251-nt sequence). DNA sequencing revealed that all am-
plicons possessed a 100% identity with recently described Can-
didatus ‘Rickettsia senegalensis’ and phylogenetic analysis con-
firmed its close relationship to the R. felis group isolated from
cat fleas from greater Sydney, Australia (Fig. 3C). Cat fleas pos-
itive for Candidatus ‘R. senegalensis’ had been collected from
dogs and cats in the greater Sydney area. Further testing of
recently collected cat fleas from owned dogs in greater Syd-
ney did not reveal the presence of Candidatus ‘R. senegalensis’
for ompB, but three (RC034, RC038, RC041) out of the 11 tested
fleas from individual owned dogs and cats were R. felis ompB
positive (Fig. 3C).
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Figure 4. Distribution of sequence reads classified into Rickettsia genus based on replicated rarefactions to varying sequence depth. The heat maps for each sequence
depth are scaled according the number of reads in each cell (red—minimum to green—maximum). Only cat fleas not exposed to surface cleaning are shown (AL357.5-
8, columns denoted by the numeral suffix). Note that in AL357.5 and AL357.7 the entire flea was crushed before DNA isolation, while for AL357.6 and AL357.8 the
exoskeleton was retained. Ten random rarefaction sequence subsamples from the entire sets were created in QIIME.
DISCUSSION
We demonstrate statistically significant differences in com-
munity diversity between a generalist cat flea and a special-
ist echidna flea and validate the ability of next generation
deep-sequencing to detect low concentrations of bacteria with
zoonotic potential. Importantly, preserving voucher flea speci-
mens using dorsal incision or homogenisation of the entire flea
are equally suitable for the analysis of bacterial communities re-
covered using microbial profiling.
The microbiome of haematophagous insects is greatly influ-
enced by the host they feed on (Cohen et al. 2015). Our 16S rRNA
deep-sequencing analysis indicates species-specific differences
in microbiota between ubiquitous cat fleas (C. f. felis) found pri-
marily on dogs and cats, and the host specific echidna stickfast
flea (E. a. ambulans) found on the short-beaked echidna (T. aculea-
tus). In Australia, the short-beaked echidna primarily occupies
natural bushland and rural areas although it can be commonly
found within peri-urban and even urban areas (van der Ree and
McCarthy 2005). The cat flea (C. f. felis) is the most common flea
found on dogs and cats visiting veterinary practices in Australia
(Sˇlapeta et al. 2011). Greater bacterial species diversity was ob-
served in the echidna stickfast fleas compared to the cat fleas
in this study. This result was interesting given that the host-
specific echidna stickfast flea species is presumably exposed to
a narrower microbial ecosystem compared to cat fleas that can
achieve a bloodmeal frommultiple host species and therefore be
exposed to greater microbial diversity (Weiss and Aksoy 2011).
This could be explained by ecological factors of the host envi-
ronment to which the flea is exposed. Since echidnas and their
fleas are more likely to be in contact with soil and its diverse
microbiome, this might explain the divergence in species rich-
ness compared to cat fleas, whose domestic hosts generally live
either indoors or in a relatively constant and confined outdoor
environment. Further inquiry into the association of fleas and
their host ecology will require wider sampling of fleas of the
same species but from different geographical locations, and dif-
ferent flea species from the same host. In the case of the cat flea,
fleas on feral cats may possess distinct microbiomes compared
to fleas on owned cats.
In agreement with several previous flea studies, our study
based on female fleas confirmed that the microbiota of both flea
species investigated is strongly dominated by the endosymbiont
Wolbachia (Jones et al. 2012; Cohen et al. 2015). The next most
dominant genus was Cardinium in the stickfast flea followed by
an unknown genus within the order Entomoplasmatales found
in the cat flea. Wolbachia are intracellular bacteria found in
the reproductive tissue of arthropods and nematodes and are
inherited vertically from female hosts to their offspring (Jiggins
2003; Luck et al. 2014). Wolbachia can affect insect host biology
in numerous ways including shortening life span and manipu-
lating sex development by inducing cytoplasmic incompatibility
and parthenogenesis. Although largely considered to be para-
sitic, in many invertebratesWolbachia are mutualistic endosym-
bionts and can be beneficial or essential to host biology (Luck
et al. 2014). Studies have shown that they play an important role
in immune priming and conferring resistance toward medically
significant viruses such as West Nile virus and Dengue viruses
inmosquitoes (Bian et al. 2010; Glaser andMeola 2010). Although
Wolbachia has been isolated from fleas, any effects on biology or
pathogen load have not been documented (Gorham, Fang and
Durden 2003; Rolain et al. 2003; Pornwiroon et al. 2007; Jones, Mc-
Cormick andMartin 2008; Cohen et al. 2015). Cardinium is a lesser
known endosymbiont documented to induce cytoplasmic in-
compatibility and parthenogenesis in parasitoid Encarsia wasps
as well as increased fecundity in predatory Metaseiulus mites
(Zchori-Fein et al. 2001; Weeks and Stouthamer 2004; Perlman,
Kelly and Hunter 2008). Unlike Wolbachia, Cardinium has only
been isolated from a narrow insect-host range including sap-
feeding insects, their associated parasitoids and recently Orop-
sylla fleas, although their role in these fleas is unknown (Zchori-
Fein and Perlman 2004; Gruwell, Wu and Normark 2009; Jones
et al. 2012).
Common practice in metagenomic studies of arthropod vec-
tors involves methods of eliminating surface bacteria that may
interfere with community structure data followed by crushing
the entire specimens together with a lysis buffer (Murrell et al.
2003; Ponnusamy et al. 2014; Cohen et al. 2015). To our knowl-
edge, there has not yet been a study testing the effects asso-
ciated with both surface bleaching and specimen crushing on
community structure and the detection of pathogenic bacteria.
Recently, Hammer, Dickerson and Fierer (2015) assessed the ef-
fects of storage methods and surface sterilisation on the bac-
terial community structure of four insect species representing
four insect orders. Although the authors did not test the ef-
fect of specimen homogenisation, their surface sterilisation re-
sults align with our data showing that using a bleach wash prior
to DNA isolation does not adversely impact community struc-
ture. Our study addresses the effects of surface sterilisation and
specimen homogenisation utilising a sequencing depth of up to
61 292 sequences per sample, whereas Hammer, Dickerson and
Fierer (2015) utilised a much lower sequencing depth of only
2000 sequences per sample. Our greater sequencing depth al-
lowed for the assessment of changes to low-abundance gen-
era, and we were able to show that rarefying sequences to a
depth of 10 000 sequences per sample was not sufficient in
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detecting Rickettsia spp. at levels discernible by the gold standard
diagnostic PCR and real-time PCR assays. As a result, we suggest
that when using next-generation sequencing for the detection
and assessment of potentially rare pathogens, deep-sequencing
to a depth of 50 000 sequences per sample should be adopted.
This is especially crucial for pathogenswith extremely low infec-
tious dose rates such as R. typhi as demonstrated in the mouse
model (Tamrakar et al. 2012).
Retention of the whole exoskeleton of fleas for taxonomic
purposes is an important component of vector-borne disease
investigations that utilise molecular tools as it provides acces-
sible voucher specimens (Lawrence et al. 2014, 2015). The re-
sults presented demonstrate no significant difference between
crushing the entire flea and destroying the voucher, compared
to fleas whose exoskeleton is retained as voucher specimens.
The methodology applied in this study is suitable for both
flea microbiome studies and studies targeting key pathogens
such as Rickettsia or Bartonella transmitted by fleas. Detailed
flea species identification and maintenance of voucher spec-
imens allowed identification of a specific host–endosymbiont
relationship proposed between the oriental cat flea, C. orientis
(syn. C. f. orientis) in dogs and Rickettsia felis-like genotype RF2125
(Hii et al. 2015). Differences in capacity of vectors to carry and
transmit pathogens reinforces the requirement to analyse the
vector genotype/haplotype in vector studies (Weiss and Aksoy
2011; Hii et al. 2015; Lawrence et al. 2015). The cat flea (C. felis)
species is composed of multiple mtDNA haplotypes with differ-
ent global distributions (Lawrence et al. 2014). The capacity of
different C. felis haplotypes to vector Rickettsia and Bartonella spp.
is currently not addressed.
Our study demonstrates the capacity of the microbiome ap-
proach based on the 16S rRNA gene to detect the presence of
Rickettsia at low concentrations with Ct-values as high as 35
in the qPCR, equalling approximately a single gltA gene copy
(Stenos, Graves and Unsworth 2005). On the other hand, 16S
rRNA gene sequence does not allow species identification and
therefore follow up conventional PCR was necessary to confirm
the Rickettsia species. Rickettsia spp. present in the unbleached
microbiomes of the cat fleas confirmed by qPCR and conven-
tional PCR suggests that these intracellular bacteria normally
found in the insect midgut are capable of adhering to the sur-
face of the flea as a contaminant. Highly sensitive molecular as-
says such as qPCR targeting the gltA gene (Stenos, Graves and
Unsworth 2005) will detect both actively multiplying endosym-
biotic Rickettsia as well as those incidentally attached to the sur-
face. Application of surface bleaching treatment in flea diagnos-
tics for Rickettsia is a plausible solution to distinguish between
the two categories, although the public health risk for mechani-
cal transfer associated with this external bacterium is unknown
and should be considered in subsequent research. Genomic DNA
of R. felis has been detected in flea faeces for up to 28 days post
exposure (Reif and Macaluso 2009) and our findings confirm this
as an important source of surface contamination and poten-
tially an alternative transmission route for zoonotic Rickettsia.
The finding also raises the possibility of the potential for flea
to flea transmission of Candidatus ‘R. senegalensis’ through the
ingestion of faeces by flea larvae, although Wedincamp and Foil
(2002) failed to demonstrate this route of transmission for R. felis
Cal2 isolates.
Identification of Candidatus ‘R. senegalensis’ was unexpected
and this comprises the first report of this rickettsial species in
Australia and only the second report of its existence worldwide.
Candidatus ‘R. senegalensis’ was first described from a cat flea
(C. felis) from Senegal, Africa (Mediannikov, Aubadie-Ladrix and
Raoult 2015), although it shares close sequence similarity at the
gltA gene to Rickettsia felis ‘rf31’, isolated from a dog flea (C. canis)
in Thailand (Parola et al. 2003). The taxonomical identification
of the flea from Thailand as C. canis should be interpreted cau-
tiously because the most common flea on dogs in Thailand is C.
orientis (syn. C. felis orientis) which closely resembles C. canis (ALL,
JSˇ unpublished data). Our attempt to identify foci of emergence
of Candidatus ‘R. senegalensis’ using a small collection from the
2014 flea season in Sydney detected only R. felis. Further investi-
gations targeting the presence of Candidatus ‘R. senegalensis’ in
Australia are necessary to fully understand its prevalence and
the implications for animal and public health.
Besides Rickettsia, a number of bacterial generawere removed
through bleach treatment suggesting that fleas carry microbes
associated with its hosts’ habitat. In the cat fleas, the only genus
more abundant than Rickettsia that was bleached away was En-
terococcus. Similarly, Clostridium was 25 times more abundant
in unbleached cat fleas, but remained low in abundance over-
all (<0.02%). Members of the genus Enterococcus and Clostridium
are associated with the gastrointestinal tract and suggest fae-
cal contamination of the fur of the animal from which fleas
were collected (Silva et al. 2012; Lopetuso et al. 2013). For the
echidna stickfast flea Deinococcus and Staphylococcus were highly
abundant in the unwashed fleas. Deinococcus is a hardy environ-
mental bacteria, while Staphylococcus is a common bacterium on
the skin of animals (Rodrigues Hoffmann et al. 2014). In addi-
tion, there was a number of soil-associated bacterial genera in
the stickfast fleas that were removed by bleaching (e.g. Sphingo-
bium, Arthrobacter). Presence of soil-associated bacteria on the
skin of an echidna aligns with its burrowing behaviour and fos-
sorial lifestyle (Morrow and Nicol 2009). Our DNA procedure is
potentially biased by insufficient DNA isolation of spore form-
ing bacteria such as Brevibacillus known to be common in other
flea species (Hawlena et al. 2013). Previous studies have applied a
lysozyme treatment prior to or during DNA isolation to remove
this bias (Jones, McCormick and Martin 2008; Jones, Knight and
Martin 2009).
As expected, we found bacterial genera were removed by
bleach treatment but there appeared to be additional genera
present in bleached fleas that were not present in unwashed
fleas. This can be explained by inherent differences in the mi-
crobiome between individual fleas because the additional bacte-
ria were mainly represented by low-abundance (<0.01%) genera
originating from a single stickfast flea (AL013.2) and a single cat
flea (AL357.2). The additional bacterial genera can therefore be
considered an artefact caused by the study design rather than
treatment effect, wherein entire fleas were processed and com-
pared rather than comparing portions of individual fleas to elim-
inate between-flea bias. Pre-DNA isolation bleach and ethanol
washes are common practice in arthropod microbiome studies
(Pornwiroon et al. 2007; Jones, McCormick and Martin 2008; Er-
ickson et al. 2009; Jones, Knight and Martin 2009; O’Rorke et al.
2013; Ponnusamy et al. 2014), but there is a lack of understand-
ing regarding the ‘contaminating’ exogenous bacteria and some
studies argue that surface bacteria is of interest when studying
whole microbial communities of arthropods (Meriweather et al.
2013). Although not addressed in this study, understanding the
function of bacteria on the surface of arthropod chitin is impor-
tant when assessing the functional microbiome ecology, partic-
ularly if these bacteria provide competitive protection against
the entry of arthropod pathogens.
Defining symbionts in the microbiome of a vector has pub-
lic and animal health significance, due to the implications
of human and animal disease. Symbiont community activity
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has the potential to alter vector biology, which in turn mod-
ulates pathogen transmission dynamics (Weiss and Aksoy
2011). Wolbachia, Cardinium, Pseudomonas and to some extent
Corynebacterium are likely to be functionally endosymbiotic given
the presence of these bacteria in all fleas regardless of bleaching.
Interestingly, Pseudomonas and Corynebacterium represent a por-
tion of the skin microbiome of both healthy dogs and dogs with
skin allergies, commonly caused by fleas (Rodrigues Hoffmann
et al. 2014). Although Pseudomonas abundance is similar between
the two species, the genus represents a greater contribution to
overall diversity in the cat flea compared to the echidna stick-
fast fleawhich has highermicrobe diversity. Corynebacteriumwas
also present in all but two C. f. felis samples but in lower numbers
compared to E. a. ambulans. Interestingly, unlike in E. a. ambulans,
there appeared to be no difference in quantity of Corynebacterium
bacteria between bleached and unbleached cat fleas.
CONCLUSION
The deep amplicon sequencing approach enables rapid assess-
ment of the presence and quantity of pathogens in fleas and
could prove effective for vector surveys involvingmultiple or un-
known pathogen targets. Our approach demonstrates pathogen
detection simultaneously with quantitative analysis and reten-
tion of the vector exoskeleton to evaluate the inter-relationship
of transitory symbionts, pathogens and arthropod endosym-
bionts within a vector species. Whole community data have
proven informative for evaluating pathogen dynamics in other
haematophagous arthropods including ticks (Andreotti et al.
2011; Ponnusamy et al. 2014) and is expected to prove effec-
tive for fleas. The effect of DNA isolation pre-processing on the
presence of Candidatus ‘R. senegalensis’ in the flea microbiome
demonstrated important implications for the interpretation of
molecular diagnostic results and interpretation of risks associ-
ated with Rickettsia prevalence and transmission in fleas.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
ACKNOWLEDGEMENTS
The authors acknowledge the University of Sydney HPC service
at The University of Sydney for providing HPC resources that
have contributed to the research results reported within this pa-
per (URL: http://sydney.edu.au/research support/).
FUNDING
The studywas supported by the Faculty of Veterinary Science In-
tramural Collaboration Fellowship with The Marie Bashir Insti-
tute for Infectious Diseases and Biosecurity (MBI), University of
Sydney. ALL is supported by the Australian Postgraduate Award
(APA) and the University of Sydney alumni scholarship and was
a recipient of the Australian Society for Parasitology (ASP) Net-
work Researcher Exchange, Training and Travel Award and JD
Smyth Postgraduate Travel Award, the Australian Biological Re-
sources Study (ABRS) National Taxonomy Research Grant Pro-
gram and the University of Sydney Grants-In-Aid. RC work was
in part supported by Faculty of Veterinary Science, University
of Sydney Honours support funds. RJT and SFH, the research
was supported fromgrants provided by Bayer Animal Health and
Australian Research Council.
Conflict of interest. None declared.
REFERENCES
Andreotti R, de Leo´n AAP, Dowd SE, et al. Assessment of bac-
terial diversity in the cattle tick Rhipicephalus (Boophilus) mi-
croplus through tag-encoded pyrosequencing. BMC Microbiol
2011;11:6.
Bian G, Xu Y, Lu P, et al. The endosymbiotic bacterium Wol-
bachia induces resistance to dengue virus in Aedes aegypti.
PLoS Pathog 2010;6:e1000833.
Blagburn BL, Dryden MW. Biology, treatment, and control of flea
and tick infestations. Vet Clin North Am-Small 2009;39:1173–
200, viii.
Caporaso JG, Lauber CL, Walters WA, et al. Global patterns of 16S
rRNA diversity at a depth of millions of sequences per sam-
ple. P Natl Acad Sci USA 2011;108:4516–22.
Cohen C, Toh E, Munro D, et al. Similarities and seasonal varia-
tions in bacterial communities from the blood of rodents and
from their flea vectors. ISME J 2015;9:1662–76.
Dunnet G, Mardon D. A monograph of Australian fleas
(Siphonaptera). Aust J Zool Suppl Ser 1974;22:1–273.
Edgar RC. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 2010;26:2460–1.
Eisen RJ, Gage KL. Transmission of flea-borne zoonotic agents.
Annu Rev Entomol 2012;57:61–82.
Erickson DL, Anderson NE, Cromar LM, et al. Bacterial commu-
nities associated with flea vectors of plague. J Med Entomol
2009;46:1532–6.
Folmer O, Black M, Hoeh W, et al. DNA primers for ampli-
fication of mitochondrial cytochrome c oxidase subunit I
from diverse metazoan invertebrates. Mol Mar Biol Biotech
1994;3:294–9.
Glaser RL, Meola MA. The native Wolbachia endosymbionts
of Drosophila melanogaster and Culex quinquefasciatus in-
crease host resistance to West Nile virus infection. PLoS One
2010;5:e11977.
Gorham CH, Fang Q, Durden LA. Wolbachia endosymbionts in
fleas (Siphonaptera). J Parasitol 2003;89:283–9.
Gould SB, Waller RF, McFadden GI. Plastid evolution. Annu Rev
Plant Biol 2008;59:491–517.
Gruwell ME, Wu J, Normark BB. Diversity and phylogeny of Car-
dinium (Bacteroidetes) in armored scale insects (Hemiptera:
Diaspididae). Ann Entomol Soc Am 2009;102:1050–61.
Hammer TJ, Dickerson JC, Fierer N. Evidence-based recommen-
dations on storing and handling specimens for analyses of
insect microbiota. PeerJ 2015;3:e1190.
Hawlena H, Rynkiewicz E, Toh E, et al. The arthropod, but not
the vertebrate host or its environment, dictates bacterial
community composition of fleas and ticks. ISME J 2013;7:
221–3.
Hii S-F, AbdadMY, Kopp SR, et al. Seroprevalence and risk factors
for Rickettsia felis exposure in dogs from Southeast Queens-
land and the Northern Territory, Australia. Parasit Vectors
2013;6:159.
Hii S-F, Lawrence AL, Cuttell L, et al. Evidence for a specific host-
endosymbiont relationship between ‘Rickettsia sp. genotype
RF2125’ and Ctenocephalides felis orientis infesting dogs in In-
dia. Parasite Vector 2015;8:169.
113
10 FEMS Microbiology Ecology, 2015, Vol. 91, No. 12
Hopkins GHE, Rothschild M. An Illustrated Catalogue of the
Rothschild Collection of Fleas (Siphonaptera) in the British Mu-
seum (Natural History): With Keys and Short Descriptions for
the Identification of Families, Genera, Species and Subspecies
Volume 1. London: The Trustees of the British Museum,
1953.
Jiggins FM. Male-killing Wolbachia and mitochondrial DNA: se-
lective sweeps, hybrid introgression and parasite population
dynamics. Genetics 2003;164:5–12.
Jones RT, Bernhardt SA, Martin AP, et al. Interactions among
symbionts of Oropsylla spp. (Siphonoptera: Ceratophyllidae).
J Med Entomol 2012;49:492–6.
Jones RT, Knight R, Martin AP. Bacterial communities of dis-
ease vectors sampled across time, space, and species. ISME J
2009;4:223–31.
Jones RT, McCormick KF, Martin AP. Bacterial communities of
Bartonella-positive fleas: diversity and community assembly
patterns. Appl Environ Microb 2008;74:1667–70.
Kemp BM, Smith DG. Use of bleach to eliminate contaminat-
ing DNA from the surface of bones and teeth. Forensic Sci Int
2005;154:53–61.
Kra¨mer F, Mencke N. Flea Biology and Control. Berlin: Springer,
2001.
Lawrence AL, Brown GK, Peters B, et al. High phylogenetic diver-
sity of the cat flea (Ctenocephalides felis) at two mitochondrial
DNA markers. Med Vet Entomol 2014;28:330–6.
Lawrence AL, Hii S-F, Jirsova´ D, et al. Integrated morphological
andmolecular identification of cat fleas (Ctenocephalides felis)
and dog fleas (Ctenocephalides canis) vectoring Rickettsia felis in
central Europe. Vet Parasitol 2015;210:215–23.
Lopetuso LR, Scaldaferri F, Petito V, et al. Commensal Clostridia:
leading players in the maintenance of gut homeostasis. Gut
Pathog 2013;14:31–3.
Lozupone C, Knight R. UniFrac: a new phylogenetic method
for comparing microbial communities. Appl Environ Microb
2005;71:8228–35.
Luck A, Evans C, Riggs M, et al. Concurrent transcriptional pro-
filing of Dirofilaria immitis and its Wolbachia endosymbiont
throughout the nematode life cycle reveals coordinated gene
expression. BMC Genomics 2014;15:1041.
McDonaldD, PriceMN, Goodrich J, et al.An improvedGreengenes
taxonomywith explicit ranks for ecological and evolutionary
analyses of bacteria and archaea. ISME J 2012;6:610–8.
Mackerras M. The haematozoa of Australian mammals. Aust J
Zool 1959;7:105–35.
Mediannikov O, Aubadie-Ladrix M, Raoult D. Candidatus ‘Rick-
ettsia senegalensis’ in cat fleas in Senegal. New Microbes New
Infect 2015;3:24–8.
Meriweather M, Matthews S, Rio R, et al. A 454 survey reveals the
community composition and core microbiome of the com-
mon bed bug (Cimex lectularius) across an urban landscape.
PLoS One 2013;8:e61465.
Miller RR, Montoya V, Gardy JL, et al.Metagenomics for pathogen
detection in public health. Genome Med 2013;5:81.
Morrow G, Nicol SC. Cool sex? Hibernation and reproduction
overlap in the echidna. PLoS One 2009;4:e6070.
Murrell A, Dobson S, Yang X, et al. A survey of bacterial di-
versity in ticks, lice and fleas from Australia. Parasitol Res
2003;89:326–34.
Narasimhan S, Fikrig E. Tickmicrobiome: the forcewithin. Trends
Parasitol 2015;31:315–23.
O’Rorke R, Jeffs AG, Fitzgibbon Q, et al. Extracting DNA from
whole organism homogenates and the risk of false positives
in PCR based diet studies: a case study using spiny lobster
larvae. J Exp Mar Biol Ecol 2013;441:1–6.
Obornik M, Jirku M, Slapeta JR, et al. Notes on coccidian phy-
logeny, based on the apicoplast small subunit ribosomal
DNA. Parasitol Res 2002;88:360–3.
Oksanen J, Blanchet FG, Kindt R, et al. Vegan: Community Ecology
Package. R package: 2.3-0 Edition, 2015.
Paris DH, Blacksell SD, Stenos J, et al. Real-time multiplex PCR
assay for detection and differentiation of rickettsiae and ori-
entiae. Trans R Soc Trop Med Hyg 2008;102:186–93.
Parola P, Davoust B, Raoult D. Tick- and flea-borne rickettsial
emerging zoonoses. Vet Res 2005;36:469–92.
Parola P, Sanogo OY, Lerdthusnee K, et al. Identification of Rick-
ettsia spp. and Bartonella spp. in from the Thai-Myanmar bor-
der. Ann NY Acad Sci 2003;990:173–81.
Perlman SJ, Kelly SE, Hunter MS. Population biology of cyto-
plasmic incompatibility: maintenance and spread of Car-
dinium symbionts in a parasitic wasp. Genetics 2008;178:
1003–11.
Ponnusamy L, Gonzalez A, Van TreurenW, et al.Diversity of Rick-
ettsiales in theMicrobiome of the Lone Star Tick,Amblyomma
americanum. Appl Environ Microb 2014;80:354–9.
Pornwiroon W, Kearney MT, Husseneder C, et al. Compara-
tive microbiota of Rickettsia felis-uninfected and -infected
colonized cat fleas, Ctenocephalides felis. ISME J 2007;1:
394–402.
RCoreTeam. R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical Computing,
2013.
Reif KE, Macaluso KR. Ecology of Rickettsia felis: a review. J Med
Entomol 2009;46:723–36.
Rodrigues Hoffmann A, Patterson AP, Diesel A, et al. The
skin microbiome in healthy and allergic dogs. PLoS One
2014;9:e83197.
Rolain J-M, Franc M, Davoust B, et al. Molecular detection of Bar-
tonella quintana, B. koehlerae, B. henselae, B. clarridgeiae, Rick-
ettsia felis, and Wolbachia pipientis in cat fleas, France. Emerg
Infect Dis 2003;9:339–42.
Rust MK. Advances in the control of Ctenocephalides felis (cat flea)
on cats and dogs. Trends Parasitol 2005;21:232–6.
Silva N, Igrejas G, Gonc¸alves A, et al. Commensal gut bacte-
ria: distribution of Enterococcus species and prevalence of Es-
cherichia coli phylogenetic groups in animals and humans in
Portugal. Ann Microbiol 2012;62:449–59.
Sˇlapeta J, King J, McDonell D, et al. The cat flea (Ctenocephalides
f. felis) is the dominant flea on domestic dogs and cats
in Australian veterinary practices. Vet Parasitol 2011;180:
383–8.
Stenos J, Graves SR, Unsworth NB. A highly sensitive and spe-
cific real-time PCR assay for the detection of spotted fever
and typhus group Rickettsiae. Am J Trop Med Hyg 2005;73:
1083–5.
Tamrakar S, Huang Y, Teske S, et al. Dose-response model
of murine typhus (Rickettsia typhi): time post inoculation
and host age dependency analysis. BMC Infect Dis 2012;
12:77.
Tamura K, Peterson D, Peterson N, et al. MEGA5: Molecular Evo-
lutionary Genetics Analysis using maximum likelihood, evo-
lutionary distance, and maximum parsimony methods. Mol
Biol Evol 2011;28:2731–9.
van der Ree R, McCarthy MA. Inferring persistence of indige-
nous mammals in response to urbanisation. Anim Conserv
2005;8:309–19.
114
Lawrence et al. 11
Vazquez-Baeza Y, Pirrung M, Gonzalez A, et al. EMPeror: a tool
for visualizing high-throughput microbial community data.
GigaScience 2013;2:16.
Warnes GR, Bolker B, Bonebakker L, et al. gplots: Various R Pro-
gramming Tools for Plotting Data. R package: 2.17.0 Edition,
2015.
Wedincamp J, Jr, Foil LD. Vertical transmission of Rickettsia fe-
lis in the cat flea (Ctenocephalides felis Bouche). J Vector Ecol
2002;27:96–101.
Weeks AR, Stouthamer R. Increased fecundity associated
with infection by a Cytophaga-like intracellular bacterium
in the predatory mite Metaseiulus occidentalis. P R Soc B
2004;271:S193–S5.
Weiss B, Aksoy S. Microbiome influences on insect
host vector competence. Trends Parasitol 2011;27:
514–22.
Whiting MF, Whiting AS, Hastriter MW, et al. A molecular phy-
logeny of fleas (Insecta: Siphonaptera): origins and host as-
sociations. Cladistics 2008;24:677–707.
Zchori-Fein E, Gottlieb Y, Kelly SE, et al. A newly discovered
bacterium associated with parthenogenesis and a change in
host selection behavior in parasitoid wasps. P Natl Acad Sci
USA 2001;98:12555–60.
Zchori-Fein E, Perlman SJ. Distribution of the bacterial
symbiont Cardinium in arthropods. Mol Ecol 2004;13:
2009–16.
115
Chapter Five 
General discussion, future directions 
and conclusions 
116
__________________________________________________ Chapter 5: General discussion 
5.1. Thesis overview 
This thesis explores and extends our understanding of the taxonomy, phylogeny and 
ecology of C. felis and related taxa. In this work, these notorious yet fascinating organisms are 
scrutinized for their own sake, as well as in an effort to provide pertinent information for vector 
borne disease epidemiology and the control of flea pests. Prior to this work, there was a lack 
of DNA sequencing data for global Ctenocephalides fleas and an absence of any 
comprehensive surveys studying the distribution of worldwide Ctenocephalides populations. 
To date, the taxonomy of the C. felis subspecies has remained unresolved and the evolutionary 
relationships between and within Ctenocephalides species has been a sorely neglected topic, 
despite the ubiquity and significance several members of the group. The species’ affinity for 
parasitising human pets has facilitated worldwide dispersal, creating diverse global flea 
communities occupying a variety of ecological niches. Each population presents a zoonotic 
disease risk by dwelling in the intermediate space between human and animal interfaces and 
providing a potential vector for pathogens between the two. The gaps in our knowledge relating 
to global Ctenocephalides populations are addressed in this thesis in a systematic, integrated 
approach that combines traditional morphology with molecular taxonomy and ecological 
investigations with molecular pathogen detection.  
The dogma dictating global ubiquity of C. f. felis and its status as the most dominant 
flea taxon on cats and dogs was challenged and explored using a global collection of 
Ctenocephalides spanning 57 countries across six continents. For the first time, the taxonomy 
of C. felis and closely related taxa was resolved using integrated morphological and molecular 
techniques (Chapter 2, Chapter 3). The work demonstrates the presence of a highly diverse 
global C. felis population that is constrained not by geographical distances, but by bioclimatic 
barriers (Chapter 3). The molecular investigations of Ctenocephalides communities 
worldwide led to the discovery of an out-of-Africa origin for C. felis, and likely the entire 
genus, followed by wide-spread human-mediated dispersal as a result of cat and dog 
domestication (Chapter 3). As well as defining the global ecological niches of C. felis 
(Chapter 3), the work delves into the effects of host ecology on the bacterial communities 
within two ecologically-disparate species in Australia, the common cat flea (C. f. felis) and the 
native echidna stickfast flea (E. a. ambulans) (Chapter 4). The specimen preparation methods 
presented here allow taxonomy and systematics to be integrated into epidemiological studies, 
thereby enriching our understanding of flea and vector borne disease dynamics. The methods 
of molecular pathogen detection detailed in this thesis allow for pathogen quantification and in 
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the case of the microbiome analysis, assessment of microbial communities including detection 
of non-target or novel pathogens (Chapter 2, Chapter 4). The work herein provides a 
framework for accurate identification of vector populations and the pathogens they transmit, 
with simultaneous phylogenetic and ecological analysis. The outcomes of the research 
presented here could be used to assist in the assessment of public health risk associated with 
genetically distinct populations of C. felis internationally. This thesis provides cohesion and 
resolution to the global taxonomy, phylogeography and population structure of C. felis and 
thus, delivers insights into how it has become the most successful ectoparasite on earth. 
5.2. Integrative resolution of C. felis taxonomy and related species: what is a 
(sub)species? 
Throughout the research conducted for this thesis, over 5000 fleas were collected and 
over 500 sequences representing individual flea specimens were subsequently amplified and 
analysed. Almost half of the known taxa for Ctenocephalides were recovered, including a 
putative new species. The remaining species are either very rare or found exclusively on 
wildlife and are endemic to Africa, with the exception of one species from Sri Lanka 
(Beaucournu & Menier, 1998; Hopkins & Rothschild, 1953). Representative specimens from 
all four of the historical subspecies of C. felis were collected and analysed in addition to a 
group of “transitional” specimens that exhibited intermediate morphology between C. f. felis 
and C. f. strongylus that were only found in Africa or surrounding regions (i.e. Saudi Arabia, 
Seychelles). Like C. felis, C. canis was present on all continents (excluding Antarctica) but in 
far fewer numbers, representing only 4% of the total fleas collected; thereby demonstrating the 
dominance of C. felis on cat and dog hosts worldwide. Flea samples were collected from all 
countries where the type specimens were originally collected, with the exception of Sri Lanka 
for C. paradoxuri, Madagascar for C. brygooi and Namibia for C. f. damarensis; although 
specimens for this taxon were collected in neighbouring South Africa. With an integrated 
morphological and molecular approach, this work resolves the C. felis species, including the 
four historical subspecies: C. f. felis, C. f. orientis, C. f. strongylus and C. f. damarensis. Chapter 
3 demonstrates the existence of three subspecies including the cosmopolitan nominate 
subspecies C. f. felis and two African subspecies, C. f. strongylus and C. f. damarensis. 
Additionally, combined morphological and multigene phylogenetic analysis confirms full 
species status for C. canis, C. orientis and C.	connatus. 
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Molecular taxonomy including DNA barcoding has been met with some opposition in 
the past (Dowton et al., 2014; Ebach & Holdrege, 2005; Meier et al., 2006; Will & Rubinoff, 
2004). The animosity is mainly directed at those advocating for DNA barcoding as a stand-
alone method for cataloguing new species, whereas even the most strident objectors of 
molecular taxonomy can see its benefit when used as a complementary tool to classical 
taxonomy (Hajibabaei et al., 2007; Moritz & Cicero, 2004; Will et al., 2005). The immense 
utility of the tool is undeniable given its ability to bring to light important cryptic species 
(Shatters et al., 2009), to identify damaged, immature or museum type specimens (Gilbert et 
al., 2007; Meiklejohn et al., 2013) and to analyse the evolutionary history of a taxon (Kress et 
al., 2015; Lawrence et al., 2014). 
The gene cox1 is the standard universal genetic marker used in the molecular 
classification of insects (Hebert et al., 2003). This marker has been successfully utilised for 
species delimitation in fleas (Lawrence et al., 2014; Zurita et al., 2017) and other insect vectors, 
for example simuliid blackflies (Appendix 3). The cox1 gene marker has enabled the discovery 
of cryptic diversity within vector species such as C. felis (Lawrence et al., 2014) and Culex 
annulirostris, an important mosquito vector of Japanese encephalitis virus (Hemmerter et al., 
2007). However, in some taxa groups cox1 barcoding has failed to delineate morphologically 
discrete species, for example in the Culex pipiens group of mosquitoes (Batovska et al., 2016). 
The results arising from research in this thesis suggest that DNA-barcoding alone cannot 
resolve any of the morphologically discrete groups within C. felis, that is, the subspecies and 
morphotype C. f. “transitional”. There was a lack of reciprocal monophyly for any C. felis 
subspecies or morphotypes at four different genes (Chapter 3), including cox1, which 
demonstrated the highest levels of intraspecific variation and thus gave the best phylogenetic 
resolution when used in isolation. This highlights the power of using an integrative approach 
as it demonstrates that using both morphological and molecular techniques are vital for 
establishing accurate and educated taxonomic decisions. 
The definition of a trinomial subspecies is conflicting among systematists, with 
researchers questioning the concept altogether since the 1950s (Wilson & Brown, 1953). 
However, the hypothesis dictating that subspecies can represent emergent species undergoing 
early divergence means that there is pertinence in defining, recognising and naming subspecies, 
particularly when taxa exhibit biological or ecological separation (Mayr, 1942; Patten, 2010). 
Although formally recognised by the International Commission on Zoological Nomenclature 
(ICZN, 1999), no official guidelines are given for subspecies definition. Therefore, the 
designation or more pertinently, the abandonment of subspecies is not standardised between 
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studies (Patten, 2015). General consensus concedes that at the very least, subspecies are 
geographically defined taxa that exhibit at least one presumably heritable characteristic (or set 
of characteristics) by which they can be classified (Patten, 2015; Wallin et al., 2017). 
Reciprocal monophyly is not considered an essential criteria in defining a subspecies, since by 
definition subspecies are not reproductively isolated and can interbreed to produce fertile 
offspring, which is perhaps the case with the C. f. “transitional” specimens from Africa (Mayr, 
1942; Patten, 2015).  
Differentiation of C. f. felis and C. f. strongylus is achieved by comparing the cephalic 
profile and angle of the frons. In the highly cosmopolitan C. f. felis, the anterior margin of the 
frons is generally straight and the oral angle is acute. This feature can be rather subjective, 
particularly in specimens from the African region where intermediate cephalic morphologies 
are common. Despite this, the variation between the two subspecies can be strikingly distinct 
when viewed concurrently (Figure 1.3). For C. f. damarensis the most obvious and consistent 
variation is the number of spiniform bristles on the plantar surface of fore-tarsi V in the males: 
4-6 bristles compared to 2 in C. f. felis (Figure 1.5). Unfortunately, the phenotypic variation
does not extend to female specimens thus classification where males are not present is
impossible. All three subspecies including C. f. felis, C. f. damarensis and C. f. strongylus can
infest the same hosts (i.e. cats and dogs) in southern Africa (Beaucournu & Menier, 1998;
Hopkins & Rothschild, 1953; Jordan, 1936). This means any female fleas that were collected
during this work would have been designated C. f. felis or possibly C. f. “transitional”,
confounding the DNA barcoding results. Aedeagal morphology was used as evidence to raise
C. f. damarensis to full species level in 1998 (Ménier & Beaucournu, 1998). However, even
among the four specimens that were classified as C. f. damarensis in the current work, there
were inconsistencies in the morphology of the aedeagus. Additionally, there was a specimen
morphologically identified as C. f. felis despite belonging to the same cox1 haplotype as three
out of the four C. f. damarensis. As with C. f. damarensis, we found specimens
morphologically identified as C. f. felis and C. f. strongylus, sharing identical haplotypes
(Chapter 3). There were many such cases of specimens sharing identical cox1 haplotypes but
exhibiting different morphologies in Africa and the Near East (Chapter 3).
One explanation for this dichotomy between morphology and genetics for C. felis is 
that the species has undergone recent and rapid radiation, resulting in incomplete lineage 
sorting (Nosil et al., 2009). This is where rapid expansion of a polymorphic population leads 
to failure of alleles to coalesce in the formation of a species; where coalescence of alleles and 
subsequent fixation of sequence variations should create a monophyletic population (Nosil et 
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al., 2009). However, given the geographical reach of C. f. felis throughout Africa and its 
sympatric host occupation with African subspecies, the most likely explanation is that a lack 
of ecological or geographical barriers has resulted in repeated or continuous gene flow between 
the African subspecies and C. f. felis. It is hypothesised that incipient species can regress back 
to a single species with repeated exposure to sister subspecies and resultant genetic flow 
(Patten, 2010). This is potentially the case with the C. felis subspecies and in particular the 
C. f. “transitional” specimens recovered from Africa. It was clear from this work that
geographically isolated populations of C. f. strongylus have retained morphology consistent
with descriptions (i.e. a rounded frons). For example, all specimens collected from the Central
African Republic (CAR) were classified C. f. strongylus, compared to the mixture of C. felis
morphotypes collected from Kenya and South Africa, both of which are more urbanised and
less isolated than the CAR. Due to sympatry, hybridisation between C. f. damarensis and
C. f. strongylus is possible, despite previous objections to this theory (Beaucournu & Menier,
1998). This hybridisation between subspecies is likely responsible for the genetic incongruence
at cox1 among varied morphotypes, although perhaps incomplete lineage sorting also plays a
role in isolated C. felis populations, where admixture between subspecies is less likely.
In addition to the morphological characteristics delineating the subspecies, biological 
differences exist that support evolutionary divergence between the taxa. Ctencocephalides 
f. damarensis is known to be geographically restricted to Southern Africa and it has been
suggested that the primary host is the scrub hare (L. saxatilis) (De Meillon et al., 1961;
Haeselbarth, 1966; Horak et al., 2004; Louw & Horak, 1995). This supports the idea that
infestation on carnivores such as dogs and cats may represent opportunistic parasitisation
through predator/prey interactions (Beaucournu & Menier, 1998; De Meillon et al., 1961;
Haeselbarth, 1966). This allows the opportunity for gene flow with C. f. felis, thereby blurring
the allopatric segregation caused by host preference. A French team reared a colony of
C. f. strongylus fleas from samples collected from a dog in the Ivory Coast in 2004 and reported
biological differences between this subspecies and the nominate C. f. felis from France (Yao et
al., 2006). It was discovered that C. f. strongylus required higher temperatures to achieve the
minimum duration of development from egg to adult compared to C. f. felis (Yao et al., 2006).
These biological variations between the subspecies support the existence of evolutionary
divergence despite a lack of congruence between the morphology and DNA sequences
(Chapter 3).
Along with phylogenetic monophyly, biological differences support the elevation of 
C. orientis to full species level. Biologically, C. orientis exhibits similarities in its life history
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to C. canis; with the research outcomes presented in Chapter 3 showing that this species has a 
strong canine host preference. A larger sample collection from equal numbers of cats and dogs 
from Southeast Asia is needed to confirm this hypothesis, especially since C. orientis is also 
known to infest small ruminants (Ashwini et al., 2017; Hopkins, 1961; Hopkins & Rothschild, 
1953). After the publication of ‘An illustrated catalogue of the Rothschild collection of fleas’ 
several studies argued to raise C. f. orientis to full species level based on morphological 
revisions (Beaucournu & Menier, 1998; Hopkins, 1961; Ménier & Beaucournu, 1998). This 
proposal is supported by the results of the research presented herein. The acquisition of genetic 
data for the dog flea C. canis and C. orientis (Chapter 2, Chapter 3) demonstrated that 
C. orientis forms a discrete monophyletic sister clade with C. canis at four gene regions (two
mitochondrial and two nuclear), providing robust molecular evidence for full species status.
Co-infections of C. orientis and C. felis were relatively common in Southeast Asia with 11
dogs found infested with both species. The clear genetic delineation between these two species
at four gene regions, despite sympatric host infestation demonstrates a lack of hybridisation
and significant evolutionary divergence. In light of this integrative evidence, C. orientis should
henceforth be considered as a discrete species, closely related to C. canis and certainly not a
subspecies of C. felis. Similarly, the work in Chapter 3 supports previous reports that
C. connatus shows a degree of host specificity on ground squirrels (Xerus spp.) and is restricted
to South Africa in distribution (Beaucournu & Menier, 1998). This, along with the
monophyletic positioning of this species as sister to the C. canis and C. orientis lineage confirm
its full species status.
Heritable phenotypic variation in geographic populations is undoubtedly determined by 
a gene or set of genes. However, attempting to define subspecies using the same molecular 
approach one would for species delineation is counter-intuitive since variation is likely to be 
small and/or potentially not linked to the genes classically used to identify species, e.g. cox1 
(Patten, 2015). Searching whole genome or mitogenome data for divergent regions among 
putative subspecies should be utilised to identify the gene(s) responsible for this phenotypic 
variation, since at this stage, single gene analysis remains inadequate to identify subspecies 
(Beaumont & Balding, 2004; Harr, 2006; Namroud et al., 2008; Patten, 2015). As such, the 
absence of genetic monophyly established in Chapter 2 and Chapter 3 does not preclude the 
existence of subspecies within C. felis. This is especially true when there are conserved 
phenotypic variations and hypothesized biological variations present in these taxa as 
demonstrated throughout this work (Chapter 2, Chapter 3) (Lawrence et al., 2014).  
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5.3. Global phylogeography of cat fleas: Where did they come from, where 
did they go? 
The work presented in this thesis demonstrates an out-of-Africa origin for all analysed 
taxa, but most pertinently for the cosmopolitan species C. felis, undoubtedly as a result of co-
evolution with ancient domestic cats and dogs (Chapter 3). Additionally, the work defines the 
global distribution and relative abundance of fleas infesting cats and dogs, confirming evidence 
from regional studies that C. felis is the most common flea infesting cats and dogs worldwide 
(for examples see: Appendix 2; Appendix 4; Bond et al. (2007); Lawrence et al. (2014); Šlapeta 
et al. (2011); Tavassoli et al. (2010)). Bioclimatic factors were found to drive intraspecific 
diversification of C. felis into four lineages distributed throughout the northern and southern 
temperate zones or the tropical belt (Chapter 3). 
Parasites associated with domesticated animals occupy the ultimate niche, owing to a 
largely unfettered availability of hosts and expansive human migration, meaning many of these 
parasites have global dispersal ranges (Dantas-Torres et al., 2013). Ecological modelling 
analysis shows that C. felis as a species is truly cosmopolitan and exhibits high levels of 
ecological plasticity with suitable habitat distribution highlighted throughout most climatic 
zones (Chapter 3). This highlights the dispersal success of C. felis as an obligate parasite. In 
contrast, the canine counterpart C. canis displayed a strictly temperate distribution and habitat 
prediction with no dog fleas found in the tropical zone between the Tropic of Cancer and Tropic 
of Capricorn. The different climatic niches between the two species may be reflective of host 
preference. The cat flea has undoubtedly dominated the niche created by human domestication 
of cats and dogs. The dog flea on the other hand appears to favour wild or feral canids and has 
not been as successful as C. f. felis in occupying the domesticated niche (Beaucournu & Menier, 
1998; Foley et al., 2017; Meshgi et al., 2009). Several studies have noted the predominance of 
C. canis in rural areas compared to C. felis which dominates urban areas (Alcaı́no et al., 2002;
Beresford-Jones, 1981; Dryden & Rust, 1994). The work in Chapter 2 and Chapter 3 supports
this theory with C. canis most heavily aggregating in areas where fleas were collected from
wild or feral canids, such as jackals in Romania and foxes in Italy. In Australia, C. canis was
collected from feral cats in south Western Australia and working dogs in rural Victoria. The
host preference of C. canis for wild or feral canids means that environmentally susceptible
immature stages are more likely to develop in outdoor environments exposed to climate and
weather. The stark contrast in the distribution of C. felis, which does not exhibit any climatic
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restriction, may be reflective of the indoor environment provided by the predominantly owned, 
domestic hosts of this species. 
Phylogenetic data obtained and analysed in Chapter 2 and Chapter 3 showed genetic 
differences consistent with bioclimatic niches among related species, namely C. felis and 
C. canis. A study on C. canis in Ireland revealed a narrower range of optimal temperature and
humidity levels for egg hatching compared to C. felis (Baker & Elharam, 1992). This may
explain differences in geographical distribution between the two species, whereby C. canis has
a narrower ecological niche compared to C. felis. However, this does not explain the climatic
distribution of the different C. felis lineages. Once the distribution of the C. felis lineages was
broken down, it was clear that the Temperate lineage mirrored the suitable habitat prediction
of C. canis restricted to temperate regions (Chapter 3). Conversely, C. felis lineages Tropical I
and Tropical II displayed high habitability within the tropical belt.
The phylogenetic diversification of these lineages demonstrates the impact of climatic 
drivers on global cat flea population structure, despite the environmental microcosm created 
by human homes for developing immature fleas. These lineages provide an avenue to 
molecularly classify cat fleas based on ecological niche adaptability. This is important since 
the ecologically conserved niches of global cat fleas may translate to biological differences 
between the populations. In the research presented in Chapter 3, all C. f. strongylus specimens 
clustered in either the tropical lineages or the ‘African’ lineage. Although morphology was not 
conserved among lineages as previously discussed, the tropical niche occupied by this African 
subspecies is significant given that they require higher temperatures to complete their lifecycle 
compared to C. f. felis, which constituted 98.5% (n = 197/200) of the Temperate lineage (Yao 
et al., 2006). The subspecies C. f. strongylus is the most common flea occupying human 
dwellings in some sub-Saharan African countries such as Uganda (Hopkins, 1947) and 
evidence suggests that this flea feeds on humans when inhabiting huts (Graham et al., 2013; 
Woods et al., 2009). Significantly, C. felis in sub-Saharan Africa (namely C. f. strongylus) is 
thought to play a larger role in the transmission of the plague (Yersinia pestis) than previously 
thought (Eisen et al., 2008). This is supported by molecular detection of Y. pestis in 
C. f. strongylus in the Democratic Republic of Congo (Leulmi et al., 2014). Thus, the
identification of both morphology and phylogenetic lineage is vital for furthering our
understanding of Ctenocephalides fleas as vectors of pathogens, particularly in developing
nations where the risk of exposure to flea vectors infesting wild reservoir hosts of the plague
is high (Eisen et al., 2008; Gratz, 1999). Additionally, the delineation of genetically disparate
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populations that are supported by biological data can indicate early allopatric species 
divergence (Avise, 2009).  
The cat and dog hosts of C. felis and C. canis have historically shared a mutualistic 
relationship with humans that has led to modern domestication. The earliest archaeological 
evidence of cat domestication dates back to 5300 years ago in an agricultural village in China, 
although close associations between humans and ancestral wildcats date back to 9500 years 
ago in Cyprus (Driscoll et al., 2007; Hu et al., 2014; Vigne et al., 2004). Dogs were 
domesticated much earlier by human hunter-gatherer populations as early as 15000 years ago 
(Larson et al., 2012). Dogs were the first domesticated animal to undergo human-mediated 
dispersal to all continents (Oskarsson et al., 2011). An example is the introduction of the dingo 
into Australia from Southern China through Indonesia between 18300 (mtDNA evidence) and 
3500 (archaeological evidence) years ago (Milham & Thompson, 1976; Oskarsson et al., 2011; 
Savolainen et al., 2004). Transport of cats probably occurred later due to their more recent 
domestication. It is postulated that cat trading from Egypt to Greece and later Europe was 
occurring as early as 3000 years ago and dispersal via Asian trade routes allowed transport 
from western to eastern Asia more than 5000 years ago (Hu et al., 2014). Recent global 
expansion of cats and presumably their fleas likely occurred with European maritime 
exploration and trade (including transport of slaves from Africa) from the 15th Century until 
the second world war with ships’ cats being utilised for vermin control (Koch et al., 2016; 
Lovejoy, 2011). 
More recently, globalisation has allowed frequent local and international transport of 
pets worldwide, particularly within and between developed nations (Koch et al., 2016; Larson 
et al., 2012; vonHoldt et al., 2010). This provides an opportunity for flea dispersal on both a 
small and large scale. An example from Chapter 3 is a specimen (C. f. felis) that was collected 
from a cat in Tasmania, Australia (AL577-1). This flea exhibited a unique cox1 haplotype (h46) 
that fell within Clade 3 (Figure 5.1), sharing genetic similarity to cat fleas from tropical 
northern Australia (Galiwinku, NT) as well as fleas from Asia, the Pacific Islands and four 
fleas from Kenya. This was unusual as all other C. felis fleas collected in Southern Australia 
fell within Clade 1, comprising the Temperate lineage, which was the most ubiquitous clade 
worldwide. Upon contacting the collector in Hobart, I learned that the host cat had recently 
moved with its family from Darwin, Northern Territory and had inadvertently carried northern 
Australian fleas to Tasmania (Figure 5.1). This demonstrates the ease at which these parasites 
can migrate with human assistance. Although, the ability of this typically tropical flea genotype 
to thrive and persist as a population in temperate Tasmania is unknown. 
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Figure 5.1. Distribution of C. felis lineages in USA and Australia. The evolutionary history of 
C. felis is displayed in a phylogenetic tree on the left constructed using 425 cox1 sequences representing 
fleas from six continents. The Minimum Evolution method was used to infer phylogeny and 
evolutionary distances were computed using the Kimura 2-parameter (K2P) method with complete
deletion. The percentage of replicate trees in which the associated taxa clustered together in the 
bootstrap test (2000 replicates) are displayed next to the branches. Branch values lower than 50% were 
discarded. Clade identity is denoted by colour with collection sites for each sequenced flea plotted on
maps of USA and Australia on the right. The yellow marker in Tasmania, Australia is an artefact; this
flea was recently transported from Darwin, Northern Territory with the host cat. The maps show the 
predicted distribution of suitable habitat zones for C. felis lineages based on collection site co-ordinates 
of all sequenced C. felis and 19 bioclimatic variables. The colour scale on the top map is used to show
the predicted probability of habitat suitability with red indicating high probability that the bioclimatic
conditions in the area are suitable for the lineage, green indicating conditions that are similar to those
where the specimens were collected and light blue indicating low probability of suitable conditions.
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A surprising discovery after revealing the climatic lineages of C. felis was the diversity 
of disparate populations within a single country (Figure 5.1). Both Australia and USA were 
occupied by C. felis specimens from all three of the climatic lineages (excluding the African 
lineage). Northern Australia was occupied by Tropical I and Tropical II lineages, whereas 
southern Australia was occupied by the Temperate lineage (Figure 5.1). Likewise, the 
north-west coast of USA was occupied by the Temperate lineage, whereas the south-eastern 
region was occupied by Tropical I fleas and neighbouring Cuba held specimens from the 
Tropical II lineage (Figure 5.1). This demonstrates the impact of climate rather than 
geographical barriers on the diversification of C. felis. Interestingly, no intermediate specimens 
were recovered, which begs the question of whether these lineages can interbreed and what the 
population dynamics are within the crossover zones between the lineages (e.g. in Indonesia, 
Figure 5.1). It’s possible that with further sampling, genetically intermediate specimens may 
be recovered. Although it is equally likely that these lineages represent incipient species with 
limited gene flow between populations. 
The genetic diversity of parasites is subject to a combination of both environmental and 
host factors that can cause ecological or behavioural barriers to gene flow. The level at which 
either host or climatic factors affect the dispersal will be reflected in species-wide population 
structure (Avise, 2009; Mazé-Guilmo et al., 2016). Prior to this work, there were no molecular 
studies describing synanthropic flea phylogeography, although studies of other parasitic insects 
such as ticks provide clues to the genetic patterns of global populations of C. felis. A 
comparative case is seen in cat flea’s arachnid counterpart, the brown dog tick 
Rhipicephalus sanguineus, which shares similar life history traits to C. felis with off-host 
development of immature stages (Dantas-Torres, 2010). Environmental factors like climate 
therefore play a larger role in driving population structure and speciation in both of these 
parasites (Mazé-Guilmo et al., 2016). The phylogeography of R. sanguineus is influenced 
primarily by climatic factors. This is evidenced through ongoing genetic studies of the brown 
dog tick that reveal cryptic diversity and at least two distinct lineages, a tropical lineage and a 
temperate lineage that when mated together cannot produce fertile offspring (Dantas-Torres et 
al., 2013; Dantas-Torres & Otranto, 2015; Hekimoğlu et al., 2016; Jones et al., 2017; Levin et 
al., 2012; Szabó et al., 2005; Zemtsova et al., 2016). Interestingly, no mixed populations were 
recovered and even in closely neighbouring regions such as northern Florida and central 
Georgia in USA tropical and temperate R. sanguineus populations were collected, respectively 
(Jones et al., 2017; Zemtsova et al., 2016). It was hypothesized that the distribution of the two 
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phylogenetically distinct populations was a result of the annual mean temperature, which was 
higher in northern Florida compared to Georgia (Zemtsova et al., 2016).  
Likewise, the work in Chapter 3 suggested that the distribution of the Temperate lineage 
of C. felis was best predicted using environmental factors relating to cold temperatures, 
whereas the distribution of Tropical I and Tropical II were best predicted using factors relating 
to precipitation and humidity. Interbreeding studies between C. felis climatic lineages are 
needed to confirm whether they are able to hybridise or not. The highest minimum inter-lineage 
distance within C. felis was 0.67% (between Temperate and Tropical I lineages), followed by 
0.59% (between Tropical II and African lineages). When comparing divergent lineages 
individually, minimum inter-lineage distances were highest between the Temperate and 
African lineages (1.86%) and between the Tropical I and Tropical II lineages (0.98%). The 
minimum interspecific distance is 4.31% (between the species C. canis and C. orientis), 
suggesting that genetic divergence between the climatic lineages is unlikely to result in a 
reproductive barrier. Further studies are needed to confirm the level of reproductive isolation 
between the lineages. 
The C. felis fleas that fell into Clades 7 and 8 were restricted to the African continent 
(besides 4 fleas from Saudi Arabia) and constituted the ‘African’ lineage. This lineage 
contained C. f. damarensis fleas that mainly infest scrub hares in South Africa (De Meillon et 
al., 1961; Haeselbarth, 1966; Horak et al., 2004; Louw & Horak, 1995). These fleas, along 
with C. connatus in South Africa and C. orientis from Southeast Asia were geographically 
constricted and presumably under selection from factors other than climate. Generalist fleas 
like C. f. felis tend to be more sensitive to thermal conditions compared to host specific flea 
species (van der Mescht et al., 2016), which are most sensitive to factors that affect host 
distribution and may explain the discrepancy in Ctenocephalides species distributions. 
5.4. Vector role of Ctenocephalides fleas and exploration of techniques for 
pathogen detection 
Understanding the phylogeography of Ctenocephalides flea species and lineages holds 
implications for pathogen transmission. Geographically disparate populations or species may 
possess varying biological or ecological affinities that augment pathogen transmission. For 
example, although Bartonella spp. bacteria have been isolated from fleas infesting native 
Australian marsupials, the risk to humans is lower compared to synanthropic vectors due to the 
minimal opportunity for these fleas to interact with humans (Kaewmongkol et al., 2011). 
Studies suggest that cryptic lineages of global brown dog tick (R. sanguineus) populations 
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translate to differences in vector efficiency for Hepatozoon canis, the agent of disease for 
canine hepatozoonosis (Dantas-Torres & Otranto, 2015; de Castro Demoner et al., 2013; 
Giannelli et al., 2013). The geographic boundaries of distinct intraspecific lineages of mosquito 
vector Cx. annulirostris were found to coincide with the geographic boundaries of Japanese 
encephalitis virus in southern Australasia, suggesting a discrepancy in vector efficiency 
between lineages (Hemmerter et al., 2009; Hemmerter et al., 2007). Appendix 1 demonstrates 
possible association of C. orientis (syn: C. f. orientis) and Rickettisa felis-like species 
Rickettsia sp. ‘RF2125’. Although the zoonotic potential of this species is yet to be determined, 
the possibility of C. orientis harbouring different rickettsial species to C. f. felis will influence 
the epidemiology of zoonotic Rickettsia infections in Asia. This theory is challenged by a 
recent study of C. f. felis fleas from Georgia, USA, whereby all 20 fleas tested positive for 
Rickettsia sp. ‘RF2125’ using the same assay (Šlapeta & Šlapeta, 2016). Similarly in a study 
in Laos, R. felis was detected in 81.3% of C. orientis fleas (Varagnol et al., 2009). As such, 
taxonomic and phylogeographic investigations of vector species are pertinent in understanding 
local vector-borne disease challenges. In sub-Saharan Africa, C. f. strongylus fleas that 
phylogenetically belong to the C. felis tropical lineages are suggested to play a role in the 
transmission of Y. pestis and R. felis due to their abundance in human dwellings (Eisen & Gage, 
2012; Leulmi et al., 2014). Outside of Africa, however, C. f. felis is the primary vector of 
zoonotic R. felis and Bartonella spp. infections (Bitam et al., 2010). Appendix 2 and 
Appendix 4 demonstrate examples of R. felis and Bartonella spp. detection from C. f. felis. 
Detection of R. felis and Rickettsia sp. RF2125 in C. canis from the Czech Republic in Chapter 
2 suggests that this species may play a larger role in pathogen transmission than C. f. felis in 
central and eastern Europe where the C. canis is common on owned dogs (Beugnet et al., 2014). 
Thus, improved understanding of flea-borne disease epidemiology can be achieved through 
accurate species identification (using both morphology and DNA sequencing) in combination 
with intraspecific phylogenetic analysis. 
Understanding the microbial environment where pathogen reside in the host vector can 
greatly influence the transmission of that pathogen to susceptible hosts, including humans. For 
example, the presence of intracellular Wolbachia bacteria in mosquito vectors has been shown 
to inhibit the transmission of arboviruses by mosquito species otherwise considered competent 
vectors (Bian et al., 2010; Fraser et al., 2017; Hughes et al., 2011; van den Hurk et al., 2012; 
Yixin et al., 2015). Thus, capturing the microbiome of individual vector species through 
next-generation sequencing (NGS) aids in understanding transmission cycles of vector borne 
zoonotic pathogens. This could give insights into possible future biological control measures, 
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as has been trialled with Wolbachia in mosquitoes associated with the transmission of dengue, 
chikungunya and Zika viruses (Aliota et al., 2016; Blagrove et al., 2013; Hoffmann et al., 2011; 
Nguyen et al., 2015). 
The research presented in Chapter 4 determined the best method for DNA isolation for 
pathogen detection. The work revealed that no significant differences in microbiome 
assemblage exist between fleas that were crushed versus fleas that were digested whole over a 
long incubation and had their exoskeletons retained. The latter method allows for comparison 
of morphotype and microbiome as well as future assessment of taxonomy. The question of 
washing the exterior surface of the flea to remove exogenous microbiota can be dealt with on 
a case by case basis, depending on the aims of the study. The bacteria residing on the chitinous 
surface of insects may hold an active role in the insect’s external microbiome, but studies 
investigating the internal microbiome specifically may wish to remove these potentially 
confounding taxa (Hammer et al., 2015; Ponnusamy et al., 2014). This may be particularly 
important for differentiating taxa on the surface of the vector — that may not pose a 
transmission risk — compared to a true infection of replicating pathogens inside the vector gut 
or salivary glands. 
The pathogen detection methods described in this work supersede conventional PCR 
detection in several ways. The ability to quantify pathogens upon detection in both real-time 
PCR and NGS microbiome analysis is advantageous to gauge the risk of transmission 
especially if the infectious dose is known. The microbiome study (Chapter 4) showed that some 
rickettsial species may be ‘washed off’ the exoskeleton, raising the question of whether 
transmission risk has been overestimated in the past where conventional PCR has been 
employed for detection in flea vectors. The NGS microbiome assay not only allows detection 
of known pathogens, but also exploration of novel or non-target pathogens compared to 
conventional PCR, in which only targeted pathogens will be identified. Access to the microbial 
community inside the vector gives additional insight into evolutionary relationships between 
pathogens and non-pathogenic endosymbionts that may be relevant for pathogen transmission 
(Ponnusamy et al., 2014). The downfall of these methods at present is that species confirmation 
of Rickettsia requires follow-up conventional assays and sequencing. In the case of multiplex 
real-time PCR, this could be resolved by designing specific primers for Rickettsia that produce 
amplicons at least 300bp in length able to be sequenced directly, as can be achieved with the 
Bartonella assays used in Chapter 2 (Diaz et al., 2012). 
Chapter 2 of this thesis demonstrates the presence of the globally emerging pathogen 
R. felis and related strains in Ctenocephalides fleas from Europe. Conversely, no
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Bartonella spp. were found in fleas from Europe or Australia but 18% and 3% of C. felis were 
infected with Bartonella spp. in New Zealand and Hong Kong, respectively (Appendix 2 and 
Appendix 4). Comparison of pathogen detection studies can be unreliable due to differences in 
protocols that may result in varying assay sensitivity. Studies in central Europe report low rates 
of Bartonella infection in fleas ranging from 2.9% - 4.1% in countries such as France, Germany 
and Hungary (Just et al., 2008; Sréter-Lancz et al., 2006). Conversely, another study in France 
reported 26.2% prevalence of Bartonella spp. in fleas (Rolain et al., 2003). The lack of 
detection in Chapter 2 and 4 may simply be a result of small sample size rather than a complete 
absence of Bartonella, although further sampling is required to confirm this.  
The pathogen R. felis was first isolated from C. felis from laboratory colonies in USA 
in 1990 and since then worldwide reports of the bacteria detected in fleas and in human cases 
have demonstrated a cosmopolitan distribution mirroring that of its primary host C. felis 
(Adams et al., 1990; Angelakis et al., 2016). In this thesis, Clade 1 (Temperate lineage) 
contains the most common haplotype by far for C. felis, meaning that fleas belonging to this 
clade are the most globally ubiquitous. This is the only haplotype that is represented in all the 
laboratory colonies sampled in Australia and internationally. Consequently, it is possible that 
studies investigating vector competence, parasiticide efficacy or resistance using colony fleas 
may be dealing with severe monoculture. Regardless, one might assume the ubiquity of this 
haplotype throughout the world may explain the ubiquity of R. felis – however the detection of 
R. felis in multiple different haplotypes and indeed species of Ctenocephalides refutes this
hypothesis (for example: C. canis  in Chapter 2, C. orientis in Appendix 1, Šlapeta and Šlapeta
(2016)).
5.5. Future directions 
The studies comprising this thesis have increased knowledge of the taxonomy and 
global phylogenetics of synanthropic Ctenocephalides species found on cats and dogs. The 
valuable insights into the phylogenetic structure of the Ctenocephalides genus provided by 
evaluation of just four species piques urgency to obtain and sequence the remaining species 
within the genus. However, this may be impossible given that at least four species are 
exceedingly rare with some known only by the type material (Table 1.1) (Beaucournu & 
Menier, 1998). Although DNA isolation from decades old museum insect specimens has been 
achieved, anecdotal evidence and personal experience suggest that flea DNA is particularly 
susceptible to degradation after prolonged storage in ethanol at room temperature (Maina et 
al., 2016; Mitchell, 2015). Fleas must be frozen in ≥95% ethanol to preserve the structural 
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integrity of the DNA (Dillon et al., 1996; Post et al., 1993). As such, fresh collections of the 
remaining flea species would be necessary to gain phylogenetic data for the genus as a whole. 
Over the course of this research, two female fleas (AL909-1 and AL909-2) were 
recovered from a goat in Jordan that, although morphologically identical to C. f. felis, exhibited 
a highly unique genetic signature (Chapter 3). The minimum interspecific distance between 
C. canis and C. orientis at cox1 (4.31%) provides a robust threshold for species differentiation
within Ctenocephalides. This is because the two species form sister clades, both of which have
high levels of intraspecific variation and because both species have been sourced from a variety
of regions and countries throughout this work. This further supports the hypothesis that the two
female fleas from Jordan represent a discrete new species evidenced by a high minimum
interspecific distance of 4.66% shared with a Kenyan flea in Clade 7 (AL215-1). No
morphological differences were observed between these specimens and C. f. felis females thus,
until male specimens sharing the same genetic signature are collected and analysed, we cannot
make conclusions on the taxonomic status of these fleas.  This is a pertinent research question,
given the medico-veterinary significance of Ctenocephalides fleas that infest domestic animals
and because the last species to be described was C. grenieri in 1995, over 20 years ago
(Beaucournu & Rodhain, 1995).
Understanding the biology of the climatic lineages of C. felis would give insights into 
the evolution of the lineages and may have implications for control and vector-borne disease 
transmission. Only one study has explored the intraspecific variations in growth and 
reproduction between the C. felis subspecies C. f. strongylus and C. f. felis and thus further 
work is needed (Yao et al., 2006). This is especially important since C. f. strongylus has been 
suggested to play a role in zoonotic pathogen transmission in human dwellings in some regions 
of Africa (Eisen et al., 2008; Leulmi et al., 2014; Woods et al., 2009). The species C. canis 
was shown to have a narrower temperature range necessary for development compared to 
C. f. felis and since C. canis distribution mirrors that of the Temperate C. felis lineage, it is
likely that the temperate and tropical lineages of C. felis would exhibit differing optimal growth
conditions. As with the R. sanguineus case, interbreeding studies between the climatic lineages
would demonstrate the presence or absence of reproductive barriers and consequent delineation
of species (Levin et al., 2012; Szabó et al., 2005). This would be especially important for
regions such as Australia and USA where several divergent lineages occupy the same country
with an apparent lack of habitat cross-over (Figure 5.1). Pet culture in these countries results
in many cats and dogs being allowed indoors, which could have consequences for increased
risk of zoonotic pathogen transmission.
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Due to the small sample size of fleas and the limited number of species tested in the 
microbiome study (Chapter 4), it is not known whether the results are representative of the flea 
microbiome in general. A wider study with more samples and multiple species would enable 
baseline data on the core endosymbiotic community of fleas. The large variety of novel 
Bartonella species and Rickettsia felis-like organisms found in fleas with unknown 
implications for human health necessitates investigation into the pathogenicity of these species 
and strains and the fleas’ ability to transmit them to humans. In-vitro transmission trials would 
demonstrate the ability of fleas to support replication and vertical and/or horizontal 
transmission of these pathogens to other fleas. 
5.6. Conclusions 
The natural history and evolution of the ubiquitous C. felis is often overlooked in our 
myopic efforts to control this ectoparasite on our cats and dogs. Understanding the evolutionary 
history of parasite and vector species enables elucidation of vector borne disease epidemiology 
and gives insights into the drivers of parasite establishment and success. With a globally 
exhaustive collection of fleas from cats and dogs, this thesis contributes significant knowledge 
to the taxonomy, global phylogeography and vector role of Ctenocephalides. In doing so, the 
benefit of an integrated taxonomic approach for the identification and phylogenetic analysis of 
taxa is demonstrated. Analysis of the most comprehensive molecular dataset for 
Ctenocephalides to date enabled the taxonomic resolution of species C. felis including three 
subspecies, the nominate and cosmopolitan C. f. felis, and two African subspecies 
C. f. strongylus and C. f. damarensis. This sequence data confirmed full species status for
C. canis, C. orientis and C. connatus and elucidated the phylogenetic relationships between
them. The inference of the intraspecific evolutionary history of global C. felis uncovered
cryptic diversity that was defined by bioclimatic niches, rather than by geographical barriers.
This raises pressing questions regarding the role of these bioclimatic flea lineages in vector
borne disease transmission, and whether the segregation between the lineages constitutes
incipient species divergence. Future work should be focussed on defining the taxonomic
boundaries of the C. felis lineages and defining the vector role of the C. felis subspecies in
Africa, of C. orientis in Asia and C. canis in Europe.
For the first time, this thesis empirically defines the origin, global distribution and 
dispersal of C. felis and related taxa. The data produced will act as a base from which future 
research can investigate further questions on the species boundaries, population dynamics and 
vector role of synanthropic Ctenocephalides fleas. The protocols developed present a 
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framework for others to investigate medically important parasite and vector species, 
particularly those that hold a cosmopolitan distribution and inhabit human environments. The 
work comprising this thesis raises the profile of fleas in the genus Ctenocephalides as vectors 
of zoonotic disease and as fascinating research subjects in and of themselves. 
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Background: Fleas of the genus Ctenocephalides serve as vectors for a number of rickettsial zoonoses, including
Rickettsia felis. There are currently no published reports of the presence and distribution of R. felis in India, however,
the ubiquitous distribution of its vector Ctenocephalides felis, makes it possible that the pathogen is endemic to the
region. This study investigates the occurrence of Rickettsia spp. infection in various subspecies of C. felis infesting
dogs from urban areas of Mumbai, Delhi and Rajasthan in India.
Methods: Individual fleas collected off 77 stray dogs from Mumbai, Delhi and Rajasthan were screened for Rickettsia
spp. by a conventional PCR targeting the ompB gene. Further genetic characterisation of Rickettsia-positive fleas
was carried out using nested PCR and phylogenetic analysis of partial DNA sequences of the gltA and ompA genes.
Ctenocephalides spp. were morphologically and genetically identified by PCR targeting a fragment of cox1 gene.
Results: Overall, 56/77 fleas (72.7%), including 22/24 (91.7%) from Delhi, 32/44 (72.7%) from Mumbai and 2/9 (22.2%)
from Rajasthan were positive for Rickettsia DNA at the ompB gene. Sequences of gltA fragments confirmed the
amplification of Rickettsia sp. genotype RF2125. The ompA gene of Rickettsia sp. genotype RF2125 was characterised
for the first time and shown 96% identical to R. felis. Three species of Ctenocephalides were identified, with the
Ctenocephalides felis orientis being the dominant flea species (69/77; 89.6%) in India, followed by Ctenocephalides felis
felis (8/77; 10.4%).
Conclusions: High occurrence of Rickettsia sp. genotype RF2125 in C. felis orientis and the absence of R. felis suggests
a specific vector-endosymbiont adaptation and coevolution of the Rickettsia felis-like sp. within subspecies of C. felis.
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unless otherwise stated.by Rickettsia conorii [5,6] and infection by Candidatus
Rickettsia kellyi [7] have been reported in humans. Clinical
signs in humans typically manifest as febrile illness with
myalgia, headache, enlarged painful lymph nodes, a cuta-
neous ‘rash’, eschar (necrosis at the bite site), respiratory,
gastrointestinal and/ or neurological abnormalities [7-9].
In recent years, the ubiquitous nature and public
health significance of Rickettsia felis, an emerging rick-
ettsial zoonosis that causes flea-borne spotted fever
(FSF) has become increasingly apparent. To date, over
100 human cases have been reported worldwide in-
cluding in Europe, the Americas, the United States ofis an Open Access article distributed under the terms of the Creative Commons
rg/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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East [10]. The cat flea, Ctenocephalides felis, is the recog-
nised biological vector and infections of R. felis have been
reported in over 25 countries spanning five continents,
with infection rates ranging from 15% in New Zealand to
81% in New Caledonia [11,12]. More recently, domestic
dogs have also been identified as potential natural mam-
malian reservoirs for R. felis [13,14]. There are currently
no published reports of the presence and distribution of
R. felis in India, however, its ubiquitous distribution
makes it likely that the pathogen is also endemic to the
region.
In India, both flea vectors and canine reservoirs live in
close proximity to humans in rural and urban communi-
ties. India is estimated to have a stray dog population of
25 million [15] and a pet dog population of over 10 mil-
lion [16]. Visual inspection of stray dogs from urban
areas of Delhi, Mumbai and Sikkim reported a preva-
lence of flea infestation 40.7%, 42.6% and 75.2% respect-
ively [17]. In Rajasthan, 6% of dogs were reported visually
infested with fleas (data not shown). Although human in-
fection with R. felis has not been reported in India, it is
possible that the non-specific symptoms that mimic
other rickettsial or viral infections coupled with the low
clinical index of suspicion for FSF, and low availability of
specific diagnostic tests such as PCR, culture and R. felis-
specific serological tests, make it likely that many human
cases are grossly misdiagnosed.
In the present study, we aim to genetically identify and
determine the prevalence of Rickettsia spp. in various
subspecies of Ctenocephalides spp. collected from stray
dogs in urban areas of Delhi, Mumbai and Rajasthan.
Morphology and molecular genotyping based on the
mtDNA cytochrome c oxidase subunit I (cox1) gene was
applied to demonstrate presence of Ctenocephalides felis
felis and Ctenocephalides felis orientis and Ctenocepha-
lides canis.
Methods
Flea collection
Fleas were collected by flea combing the coat of 324
stray dogs undergoing sterilisation through animal birth
control and rabies vaccination programs in Mumbai
(n = 162), Delhi (n = 162) and Rajasthan (n = 150). For
further details of methods and prevalence of flea infest-
ation in dogs for Mumbai and Delhi sampling sites, refer
to Abd Rani (2011) [18]. All fleas were fixed in 70% etha-
nol and transported to the University of Queensland and
the University of Melbourne for analysis. A total of 77
fleas, each randomly collected from individual stray dogs
in the city of Mumbai (n = 44) and Gurgaon in Delhi (n =
24), and all dogs in Jaipur in Rajasthan (n = 9) were
selected for identification and Rickettsia spp. screening
using PCR. A single C. canis and two C. felis felis voucherspecimens fixed in 70% ethanol were sourced from dogs
in the Sikkim area, northeast India. Ectoparasite sampling
in Delhi and Mumbai was approved by the University of
Queensland Animal Ethics Committee. In Rajasthan, ecto-
parasite sampling was carried out in accordance with the
Animal Welfare Act (2011) of India and overseen by
Dr Jack Reece, Veterinarian-in-Charge, Help In Suffer-
ing, Rajasthan, India.
Flea identification and extraction of DNA
From selected voucher flea species, total DNA was ex-
tracted from fleas whilst retaining flea exoskeletons
[19,20]. DNA was isolated using Isolate II Genomic DNA
kit (BioLine, Australia) as previously described [20]. DNA
was eluted into 50 μL of Tris buffer (pH = 8.5) and stored
at −20°C. The flea exoskeleton was soaked in 10% KOH
for approximately an hour. Exoskeletons were dehydrated
using a series of ethanol washes (70%, 80%, 95%, absolute)
for 1 hour each, and slide-mounted in Euparal (Ento Sup-
plies, Australia). The slides were donated to the Australian
National Insect Collection (ANIC) in Canberra, Australia.
Fleas were identified morphologically using a compound
microscope with the aid of keys and descriptions [21,22].
Seventy-seven individual fleas were rinsed with PBS
for 10 minutes and mechanically crushed using pellet
pestles in a 1.5 ml microcentrifuge tube. Genomic DNA
was extracted using the DNeasy Blood & Tissue Kit®
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions and eluted in 50 μl of AE Buffer.
These samples were then subjected to molecular iden-
tification using direct sequence comparisons to those de-
posited on GenBank and screened for Rickettsia spp.
using PCR.
Amplification and phylogenetic analysis of the mtDNA
cytochrome c oxidase subunit 1 of fleas
A 5′ fragment of the cytochrome c oxidase subunit I
(cox1) coding for COX1 protein was PCR amplified using
the generic invertebrate amplification primers: LCO1490
(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′)/
HC02198 (5′-TAA ACT TCA GGG TGA CCA AAA
AAT CA-3′) [23] and Cff-F [S0367] (5′-AGA ATT AGG
TCA ACC AGG A-3′) and Cff-R [S0368] (5′-GAA GGG
TCA AAG AAT GAT GT-3′) [20] or their combination
as well as MLepF1 (5′-GCT TTC CCA CGA ATA AAT
AAT A-3′) [24] and HC02198 (5′-TAA ACT TCA GGG
TGA CCA AAA AAT CA-3′). Reactions of 30 μl con-
tained MyTaq Red Mix (BioLine, Australia), and approxi-
mately 1–10 ng of genomic DNA template (~2 μl).
Alternatively, 25 μl reactions contained 5× PCR buffer,
200 μmol dNTP, 1.5 mmol MgCl2, 0.5 units of GoTaq
polymerase (Promega). Primers were added at a final
concentration of 10 pmol. The cycling was as follows
(BioLine mix): denaturing at 95°C for 1 min followed by147
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and a final elongation for 5 min at 72°C. For the alterna-
tive PCR, the cycling was as follows (Promega mix):
denaturing at 95°C for 2 min followed by 35 cycles of
amplification at 95°C for 30 s, 55°C for 30 s and 72°C for
30 s, and a final extension step of 72°C for 5 min. All
PCRs were run with a negative control of sterile PCR-
grade water. A positive control with flea DNA represent-
ing each of species/subspecies morphologically identified
and known to amplify at these conditions from a previ-
ous study was included in each run [20].
Aliquots of all PCR reactions were subjected to agar-
ose gel electrophoresis to verify product size and the
remainder was submitted for sequencing (Macrogen Ltd,
Seoul, Korea). The sequences of voucher flea species
have been deposited in GenBank (GenBank: KP229378-
KP229385).
Individual sequences of the voucher flea specimens
were assembled with CLC Main Workbench 6.9 (CLCbio,
Denmark). Composition of the nucleotide sequences and
phylogenetic analysis were determined using MEGA6.06
[25]. Sequence divergences were calculated using the
Kimura 2 parameter distance model.
Amplification of the ompB, gltA and ompA genes of
Rickettsia spp.
Individual flea DNA was initially screened for spotted-
fever group Rickettsia spp. with previously described
conventional PCR targeting a 297-bp region of the rick-
ettsial outer membrane protein B (ompB) gene [13,26].
Randomly selected Rickettsia-positive fleas were further
characterised with conventional nested PCRs on more
variable loci targeting a 654 bp fragment of gltA and a
879 bp fragment of the ompA genes of R. felis [14,27].
Secondary ompA primers comprising ompA-F2 (5′-CGG
TACAATCATTGCAACTGG-3′) and ompA-R2 (5′-GC
TATATCTTCAGCAAATAACG-3′) were designed to
increase the sensitivity of the PCR by amplification of
product from the primary round. PCR conditions of the
secondary PCR were identical to that of the primary
[27]. To prevent cross-contamination of DNA, DNA ex-
traction, PCR setup, DNA loading for secondary nested
PCR and detection of amplicons were carried out in sep-
arate laboratories. Negative control using nuclease-free
water was included in every PCR run.
Positive PCR products were submitted for DNA se-
quencing. DNA sequences were analysed using Finch
TV 1.4.0 (Geospiza Inc.) and compared with those avail-
able in GenBank using the BLAST algorithm (BLAST
Basic Local Alignment Search Tool, 2014). DNA se-
quences were aligned using BioEdit version 7.2.3 [28]
with previous published sequences of the gltA and ompA
gene of various rickettsiae species sourced from GenBank.
Neighbor-joining analyses were conducted with Tamura-Nei parameter distance estimates, and trees constructed
using Mega 4.1 software (www.megasoftware.net). Boot-
strap analyses were conducted using 1000 replicates. The
sequences of both gltA and ompA genes of Rickettsia
spp. have been deposited in GenBank (accession no.
KP256357-KP256359, KP406620-KP40662, KP687803-
KP687805).
Statistical methods
A Fisher’s Exact Test was performed to determine
whether an association exists between the proportions of
Rickettsia spp. infection among different subspecies of
C. felis identified on surveyed dogs using Vassarstats
(http://vassarstats.net/tab2x2.html). Odds ratios were
calculated to describe the strength of the association.
Results
Overall, 56/77 fleas (72.7%), including 22/24 (91.7%)
from Delhi, 32/44 (72.7%) from Mumbai and 2/9 (22.2%)
from Rajasthan were positive for Rickettsia spp. at the
ompB gene. All negative controls in each PCR run were
PCR-negative. Direct alignment of the partial ompB se-
quences of Rickettsia isolated from all Indian fleas revealed
99.6% similarity to validated R. felis isolate URRWXCal2
(GenBank: CP000053).
Forty-six (12 Delhi, 32 Mumbai and 2 Rajasthan) and
25 (12 Delhi, 11 Mumbai and 2 Rajasthan) fleas that
were positive for Rickettsia at the ompB gene were sub-
jected to further PCRs targeting the more variable gltA
and ompA genes, respectively. The sequences of the gltA
fragments identified in 21 C. felis isolates were 100%
identical to each other and to Rickettsia sp. genotype
RF2125 (GenBank: AF516333) and 99.8% identical to
Candidatus Rickettsia asemboensis (GenBank: JN315968).
Neighbour joining analysis based on the alignment of par-
tial gltA sequence provided strong bootstrap support for
the placement of five randomly selected representatives of
Rickettsia isolated from C. felis into the same cluster as
Rickettsia sp. genotype RF2125 (GenBank: AF516333) and
Candidatus Rickettsia asemboensis (GenBank: JN315968)
(Figure 1).
Sequences of the ompA fragment amplified from 18
C. felis were 100% identical to each other and 96% iden-
tical to validated R. felis isolate URRWXCal2 (GenBank:
CP000053). Phylogenetic analysis of the ompA gene re-
vealed moderate support for the placement of all isolates
of Rickettsia spp. from Indian fleas within a single cluster
distinct to validated R. felis isolate URRWXCal2 (Gen-
Bank: CP000053) (Figure 2).
Phylogenetic analysis based on the cox1 fragment placed
voucher C. felis felis specimens from Sikkim, India within
C. felis felis and as a closely related group (two nucleotide
polymorphisms across 513 nt) to C. felis felis haplotype 1
from Australia [20]. The sequences of voucher C. felis148
Figure 1 Neighbor-joining analysis based on the alignment of the partial gltA gene of rickettesiae.
Hii et al. Parasites & Vectors  (2015) 8:169 Page 4 of 9orientis strains from Delhi clustered within cox1 sequences
from C. felis orientis from Thailand (Figure 3) and cox1
sequences from voucher C. felis orientis strains from
Mumbai formed a sister group C. felis orientis, that we
consider C. felis orientis. All C. felis orientis from Mumbai
and Delhi were morphologically consistent with descrip-
tions of C. felis orientis (Figure 4). C. felis orientis formed
a sister group with C. canis collected on dogs from Sikkim
(Figure 3).
Ctenocephalides felis species were morphologically iden-
tified infesting all dogs in Mumbai, Delhi and Rajasthan
(Figures 3, 4). Within C. felis, two subspecies wereFigure 2 Neighbor-joining analysis based on the alignment of the parecognised C. felis orientis and C. felis felis (Figure 4). PCR
targeting mtDNA cox1 gene sequence of C. felis using pri-
mer pair LCO1490/Cff-R was amplified in 8/77 fleas. The
DNA sequences of all eight fleas showed 100% identity to
C. felis felis haplotype 3 isolated from Thailand (GenBank:
KF684866) and Fiji (GenBank: KF684877) and 98.8% iden-
tity to C. felis felis haplotype 1 from Sydney, Australia
(KF684882). Fleas that failed to amplify on the first
PCR were subjected to a second PCR using primer
pair Cff-F/HC02198 that successfully amplified the
remaining 69 fleas, of which 22 were subjected to
DNA sequencing and identified as C. felis orientis. Thertial ompA gene of rickettesiae.
149
Figure 3 Phylogenetic relationships of Ctenocephalides felis and Ctenocephalides canis based on nucleotide sequence of the mtDNA
cox1. The tree was inferred using the Minimum Evolution method with distances calculated using Kimura 2-parameter method. There were a
total of 658 positions in the final dataset. For the tree shown, all ambiguous positions were removed for each sequence pair. The numbers above
the branches indicate percentage of 1000 replicate trees in which the associated taxa clustered together in the bootstrap test. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The tree was rooted
using Bradiopsylla echidnae mtDNA cox1 sequence (not shown). The scale is in the units of the number of base substitutions per site. Evolutionary
analyses were conducted in MEGA6. Flea species is shown on the right and terminal nodes are labelled with their unique identifier and country
of origin. Fleas from India are in black boxes followed by the locality where it was collected, a map is shown in the inset.
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and Rajasthan was the Oriental cat flea (C. felis orien-
tis) (Table 1).
Statistically, C. felis orientis fleas were 27.5 times more
likely to be PCR-positive for ‘Rickettsia sp. genotype
RF2125’ than C. felis felis (p = 0.00005).Discussion
To our knowledge, this is the first study to molecularly
characterise rickettsial infection in fleas from India. Pre-
viously, C. canis were reported to harbour spotted fever
group rickettsiae on the basis of seroconversion in
guinea pigs [29]. Dogs are implicated as potential verte-
brate reservoir hosts for a number of zoonotic Rickettsia,
including R. rickettsii, R. conorii and R. felis [13,30]. The
highly ubiquitous nature of fleas and their rickettsial
endosymbiont isolated from stray dogs in the currentstudy suggests that this R. felis-like organism (Rickettsia
sp. genotype RF2125) may also use dogs as reservoir
hosts and pose a potential zoonotic risk to humans. In
the current study, a conventional PCR was used to
screen the rickettsiae. The distribution of Rickettsia spp.
infection may probe higher should a more sensitive
molecular assay such as real-time PCR was used in the
study.
Since the first detection of R. felis in cat fleas in 1990,
this zoonotic rickettsial pathogen has been reported in
all continents, except Antarctica. The ubiquitous charac-
teristic of R. felis is associated with the cosmopolitan
distribution of the C. felis. Curiously, R. felis was not
detected in any of the fleas sourced from stray dogs in
this study. The current study provides evidence for the
occurrence of Rickettsia sp. genotype RF 2125 as the
dominant rickettsiae carried by fleas infesting dogs, with
C. felis orientis as the primary carrier. In all cases, the150
Figure 4 Diagnostic morphological features for differentiation of Ctenocephalides felis felis, Ctenocephalides felis orientis and
Ctenocephalides canis. (a) C. felis felis is characterised by a long, acutely angled frons with no part on the vertical plane (white arrow). The
dorsal incrassation is long and narrow (black arrow). The posterior margin of the hind tibia of this species has only one notch bearing a
stout seta between the longer post-median and apical setae. (b) C. felis orientis is characterised by a short, rounded frons (white arrow) and
a shorter dorsal incrassation compared to C. felis felis (black arrow). The posterior margin of the hind tibia is as seen in C. felis felis (black
arrow). (c) C. canis is characterised by a short, sharply vertical frons (white arrow) and a short, club-shaped dorsal incrassation. The posterior
margin of the hind tibia has two notches bearing stout setae between the post-median and apical setae (black arrows). (d) C. felis orientis
can further be distinguished by the presence of a row of tiny setae just dorsal of the antennal fossa in the female (circled), numerous of
which are seen in all males of the genus Ctenocephalides.
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study were found to be identical to Rickettsia sp. genotype
RF2125, originally detected in a single C. felis (subspecies
unknown) and two C. canis isolates near the Thai-
Myanmar border [31]. Rickettsia sp. genotype RF2125
was later described in a variety of flea species spanning
nine countries -four Archaeopsylla erinacei sourced from
hedgehogs in Algeria [32] and two sourced from foxes in
France [33]; 12 C. canis isolated from dogs in Gabon [33];
12 Echidnophaga gallinacea isolated from five black rats
in Egypt [34]; a single Pulex irritans sourced from a dogTable 1 Distribution of Rickettsia sp. genotype RF2125 in
flea subspecies sampled at three different locations in
India
Location C. felis orientis C. felis felis Total
Mumbai 31/37 (83.8%) 1/7 (14.3%) 32/44 (72.7%)
Delhi 22/24 (91.7%) - 22/24 (91.7%)
Rajasthan 2/8 (25%) 0/1 (0%) 2/9 (22.2%)
Total 55/69 (79.7%) 1/8 (12.5%) 56/77 (72.7%)in Hungary [35]; 6/209 C. felis sourced from dogs and cats
and from 56/57 rats in Malaysia [36,37]; 2 pools of C. felis
from a zookeeper and a grizzly bear in the USA [38], 44/
81 C. felis pools sourced from dogs and cats in Costa Rica
[39]; and C. felis and C. canis sourced from dogs and cats
in Uruguay [40]. The aforementioned studies did not pro-
vide detailed morphological or molecular identification of
Ctenocephalides spp. to a subspecies level. Ctenocepha-
lides felis is the most common flea in the world with C.
felis felis the most widespread subspecies [20]. Other sub-
species are more geographically restricted, for example, C.
felis damarensis to south western Africa, C. felis strongy-
lus to the Ethiopian zoogeographic region and C. felis
orientis to Asia, [20]. C. canis (Curtis) is also widespread
but encountered less frequently than C. felis. It has been
reported in the USA [41], South America [42], North
Africa [43], Europe [44] and Asia [45]. Studies conducted
in Thailand [46], north-west Laos and Sabah, Malaysia
[47] reported that C. felis orientis was the most common
flea species infesting domestic dogs (73.3% - 86.2%),
which is comparable to our finding (89.6%; 69/77).151
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of C. felis sourced from dogs in Laos to a subspecies
level [47]. Rickettsial DNA was detected in 69 of 90
(76.6%) fleas. All fleas positive for rickettsial DNA were
positive by R. felis-specific qPCR targeting the gltA gene
however it is unclear whether conventional PCR and
DNA sequencing was carried out on these isolates to
confirm their identity as R. felis URRWXCal2. With a
mere two base pair difference, it is possible that the
qPCR may have cross reacted with Rickettsia sp. geno-
type RF2125. Interestingly, Kernif et al. (2012) also dis-
covered the frequency of ‘R. felis’ significantly higher in
C. felis orientis (59/66; 89.4%) than in C. felis felis (10/
19; 52.6%) [47]. The association of the subspecies of cat
flea to the species of R. felis-like rickettsiae may be
attributed to host-endosymbiont coevolution. A signifi-
cantly higher prevalence of Rickettsia sp. genotype
RF2125 in C. felis orientis compared to C. felis felis in
this study suggests that this species of flea could be the
primary invertebrate reservoir in India and possibly
other parts of Asia where C. felis orientis and R. felis sp.
genotype RF2125 co-exist. In addition, in Africa [48] and
Europe [49], between 95-100% of hedgehog fleas A. eri-
nacei has been demonstrated as carriers of R. felis. The
potential for this flea to also harbour Rickettsia sp. geno-
type 2125 indicates the potential for hedgehog fleas to
act as additional vectors for Rickettsia sp. genotype
RF2125. Nevertheless, the absence of R. felis in C. felis
orientis sourced from Indian dogs and the absence of R.
felis sp. genotype RF2125 from C. felis isolated from
Australia, where only C. felis felis is known to occur,
raises questions with regard to vector-endosymbiont
adaptation and coevolution of the Rickettsia felis-like sp.
within subspecies of C. felis.
Genetically, C. felis orientis is more closely related to
the dog flea C. canis. C. felis orientis forms a sister group
to C. canis (Figure 3) that is phylogenetically distinct to
C. felis. Rickettsia sp. genotype RF2125 has been
reported in the USA, Central and South America, North
Africa and Europe, areas in which C. felis orientis is
absent. Given that 12/12 C. canis collected from dogs in
Gabon [33] were infected with R. felis sp. genotype
RF2125, a co-evolutionary relationship between Rickett-
sia sp. genotype RF2125 and fleas belonging to the C.
canis/C. felis orientis complex is likely and should be
explored further.
In addition to characterisation at ompB and gltA gene
fragments, a partial region of the ompA gene of R. felis
sp. genotype RF2125 was characterised for the first time
using published primers designed to be specific to R.
felis URRWXCal2 [27]. ompA sequence of this amplified
Rickettsia spp. was 96% identical to R. felis URRWXCal2,
supporting its potential placement as a new species of
Rickettsia [50]. Further demonstration of entire lengthsequences of other genes such as 16S rRNA and gene D
is also required to classify Rickettsia sp. genotype
RF2125 as new species [51]. Even though Rickettsia sp.
genotype RF2125 has been genetically identified on mul-
tiple occasions since 2004, the species has never been
isolated in cell culture. Nevertheless, a tentative species
should be assigned as a matter of priority.
Conclusion
In conclusion, our study provided the first insight of
occurrence of Rickettsia sp. genotype RF2125 infection
and its close association with C. felis orientis, the pre-
dominant ‘cat flea’ infesting dogs in India. Surveys that
include detailed morphological and molecular character-
isation of fleas together with their R. felis-like rickettsiae
will shed further light on whether host-endosymbiont
adaptation is observed in other regions of the world. It is
unknown if Rickettsia sp. genotype RF2125 is pathogenic
to humans. Nevertheless, this study reveals that the pub-
lic are at a high risk of exposure to R. felis sp. genotype
RF2125 through the bite of C. felis orientis fleas that are
ubiquitous on dogs in India.
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a b s t r a c t
The cat ﬂea (Ctenocephalides felis) is the most common ﬂea species parasitising both domestic cats and
dogs globally. Fleas are known vectors of zoonotic pathogens such as vector borne Rickettsia and Bar-
tonella. This study compared cat ﬂeas from domestic cats and dogs in New Zealand’s North and South
Islands to Australian cat ﬂeas, using the mitochondrial DNA (mtDNA) marker, cytochrome c oxidase sub-
unit I and II (cox1, cox2). We assessed the prevalence of Rickettsia and Bartonella using genus speciﬁc
multiplexed real-time PCR assays. Morphological identiﬁcation conﬁrmed that the cat ﬂea (C. felis) is the
most common ﬂea in New Zealand. The examined ﬂeas (n=43) at cox1 locus revealed six closely related
C. felis haplotypes (inter-haplotype distance 1.1%) across New Zealand. The New Zealand C. felis haplo-
types were identical or near identical with haplotypes from southern Australia demonstrating commonenetic diversity
CR
eal-time PCR
ickettsia
dispersal of haplotype lineage across both the geographical (Tasman Sea) and climate scale. New Zealand
cat ﬂeas carried Rickettsia felis (5.3%) and Bartonella clarridgeiae (18.4%). To understand the capability of C.
felis to vector zoonotic pathogens, we determined ﬂea cox1 and cox2 haplotype diversitywith the tandem
multiplexed real-time PCR and sequencing for Bartonella and Rickettsia. This enabled us to demonstrate
highly similar cat ﬂeas on cat and dog populations across Australia and New Zealand.
© 2016 Elsevier B.V. All rights reserved.. Introduction
The cat ﬂea, Ctenocephalides felis (Siphonaptera: Pulicidae)
Bouché, 1835) is the most common household ectoparasite affect-
ngdomestic cats anddogs globally (Linardi andCosta Santos, 2012;
ilgrim, 1992; Rust and Dryden, 1997). In New Zealand, C. felis is an
stablished cosmopolitan species and has exhibited a high preva-
ence in the North Island (Kelly et al., 2005b; Pilgrim, 1980, 1992).
revalence studies have previously been limited to theNorth Island
nd one study in 1984 found that of the 75 cats surveyed, 92.6%
arried C. felis (Guzman, 1984; Kelly et al., 2005b; Pilgrim, 1980,
992). Recently, a nationwide survey determined the prevalence
f C. felis on 76% of cats and 46% on dogs (Woollett et al., 2016).
enetic diversity at the molecular DNA level has been established
or C. felis in coastal Australia and Fiji, however there is no data for
∗ Corresponding author at: Faculty of Veterinary Science, University of Sydney,
cMaster Building B14, NSW, Australia.
E-mail address: jan.slapeta@sydney.edu.au (J. Sˇlapeta).
ttp://dx.doi.org/10.1016/j.vetpar.2016.12.017
304-4017/© 2016 Elsevier B.V. All rights reserved.genetic diversity recorded in New Zealand (Lawrence et al., 2014;
Lawrence et al., 2015b; Sˇlapeta et al., 2011).
In New Zealand and Australia, a high prevalence of C. felis has
been documented around coastal regions, but the humidity, sandy
soils and moderate to high temperatures are more favourable for
ﬂea survival and proliferation in Australia (Schloderer et al., 2006;
Silverman et al., 1981). In a study conducted during the 2009 and
2010 ﬂea seasons, 2500 of the 2530 ﬂeas (98.8%) collected were C.
felis (Sˇlapeta et al., 2011). There was very low genetic diversity of C.
felis in Australia, with only two distinct mitochondrial cytochrome
c oxidase subunit I (cox1) haplotypes and one cytochrome c oxidase
subunit II (cox2) haplotype found across the east coast (Lawrence
et al., 2014). Despite New Zealand having a characteristically vari-
able climate, the North Island is climatically similar to Sydney and
surrounding regions (Hopkins et al., 2015; Reichgelt et al., 2015). As
climateplays suchan integral role in theﬂea life cycle, itwas impor-
tant to know if the variable climate between the North and South
Islands had an effect on ﬂea diversity and distribution. A survey
of cox1 and cox2 haplotypes of cat ﬂeas from New Zealand would
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Table 1
Summary of cat ﬂeas, Ctenocephalides felis, collected from New Zealand between January 2014 and March 2016 characterised morphologically.
Island Location Host (s) No. Specimens (♀/♂) ID Name
North
Island
Whangarei 2 cats, 2 dogs 30 (20♀/10♂) AL837, AL839, AL842, AL858
Helensville 1 cat, 1 dog 12 (9♀/3♂) AL849, AL853
Mount Wellington 1 cat 3 (3♀/0♂) AL848
Papakura 2 dogs 8 (3♀/5♂) AL843, AL845
Hamilton 2 cats 22 (20♀/2♂) AL836, AL851
Ngongotaha 1 cat 7 (7♀/0♂) AL846
Gisborne 1 cat, 1 dog 7 (6♀/1♂) AL838, AL854
Hawera 1 cat, 1 dog 13 (10♀/3♂) AL840, AL852
Hastings 1 cat 8 (8♀/0♂) AL847
Paraparaumu 4 cats, 6 dogs 50 (42♀/7♂) AL244, AL245, AL246, AL247, AL248, AL249, AL250, AL251, AL252, AL253
Porirua 1 dog 4 (3♀/1♂) AL844
South
Island
Nelson 1 dog 24 (16♀/8♂) AL850
Blenheim 4 cats, 1 dog 26 (20♀/6♂) AL1045, AL1046, AL1048, AL1052, AL1053
Oxford 1 cat 1 (0♀/1♂) AL841
Dunedin 3 cats, 1 dog 10 (9♀/1♂) AL1042, AL1047, AL1050, AL1051
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ote: Of the 228 C. felis collected, 177 were female and 48 were male (sex ratio 3.6
nable understanding their genetic diversity and their relatedness
cross the Tasman Sea to Australian cat ﬂeas.
New Zealand has the highest cat ownership rate globally, with
total cat population of 1.419 million owned by 48% of households
Mackay, 2011). Comparatively, there are 700,000 dogs owned by
9% of households (Mackay, 2011). The close relationship shared
etweenhumans and their companion animals increases the trans-
ission opportunities of zoonotic pathogens, including Bartonella
nd Rickettsia (Kelly et al., 2005b). Rickettsia and Bartonella cur-
ently have a global emerging disease status and are present in
ustralia and New Zealand (Bitam et al., 2010; Pérez-Osorio et al.,
008). In New Zealand, the last known prevalence study conducted
orRickettsia andBartonella species,was limited to theNorth Island.
f the 114 cat ﬂeas assayed, 7%were positive for B. clarridgeiae, 11%
ere positive for B. henselae and 19% were positive for R. felis (Kelly
t al., 2005b).
The aimof this studywas to discover the level of genetic identity
f cat ﬂeas (C. felis) across the Tasman Sea. To do so, we com-
ared the mtDNA cox1 haplotype diversity of C. felis from New
ealand with those from Australia. In this study, we characterised
he genetic diversity and origin of C. felis and evaluated presence of
ea-borne pathogens Rickettsia and Bartonella in ﬂeas from veteri-
ary practices across New Zealand’s North and South Islands.
. Materials & methods
.1. Flea specimens
A total of 231 ﬂeas were collected from the North and South
slands of New Zealand for this study between January 2014 and
arch 2016 (Table 1; Supplementary Table 1). All ﬂeas were
ollected opportunistically from owned and stray cats and dogs
resented to New Zealand veterinary clinics, including SPCA clin-
cs (The Royal New Zealand Society for the Prevention of Cruelty to
nimals). Fleas from individual animals were collected by veteri-
arians and veterinary nurses and were stored in 70–100% ethanol
n the freezer (−20◦C).
.2. Morphological identiﬁcation and DNA extraction of ﬂeas
Fleas were examined under a stereo microscope (5–20× objec-
ives, BX41, Olympus, Australia) and the species, sex and number of
ea(s) were recorded and identiﬁed morphologically with the aid
f keys and descriptions (Dunnet and Mardon, 1974; Hopkins and
othschild, 1953).AL1041, AL1049, AL1054
Total ﬂea DNA was extracted in accordance with the ISOLATE II
Genomic DNA Kit (BioLine, Australia) and eluted in 100L of elu-
tion buffer as previously described (Lawrence et al., 2014). Voucher
specimens were cleared and mounted in Euparal (Ento Supplies,
Australia).
2.3. Ampliﬁcation of the mitochondrial encoded cytochrome c
oxidase subunit I and II
A601-nt 5′ fragment of cox1 genewas ampliﬁed in a polymerase
chain reaction (PCR) using a generic invertebrate ampliﬁcation for-
ward primer, LCO1490 (5′–GGT CAA CAA ATC ATA AAG ATA TTG
G–3′) and a reverse primer designed in a previous study Cff-R
[S0368] (5′–GAAGGGTCAAAGAATGATGT–3′) (Folmer et al., 1994;
Lawrence et al., 2014). A 727-nt portion of mtDNA including cox2
gene sequence was ampliﬁed using F-Leu (5′–TCT AAT ATG GCA
GATTAGTGC–‘3) andR-Lys (5′–GAGACCAGTACTTGCTTTCAGTCA
TC–‘3) (Whiting et al., 2008). MyTaqTM Red Mix (BioLine, Australia)
was used for cox1 ampliﬁcation as previously described (Lawrence
et al., 2014). PCR products were bidirectionally sequenced (Macro-
gen Ltd., Seoul, SouthKorea). The sequences have beendeposited to
GenBank (cox1: KY048308-KY048351; cox2: KY048303-KY048307)
(National Center for Biotechnology Information, NCBI).
2.4. Detecting Rickettsia and Bartonella spp. using real-time PCR
A diagnostic TaqMan
®
probe real-time PCR targeting the ssrA
gene and citrate synthase (gltA) gene was used to detect Bartonella
and Rickettsia species, respectively (Diaz et al., 2012; Stenos et al.,
2005). Duplicatemultiplex real-time PCR included 4L of template
DNA with SensiFASTTM Probe No-ROX Kit (BioLine, Australia) was
run for 40 cycles using CFX96 TouchTM Real-Time PCR Detection
System (BioRad, Australia) and analysed using BioRadCFXManager
(BioRad, Australia) as previously described (Sˇlapeta and Sˇlapeta,
2016). Positive results were determined if both repeats yield satis-
factory cycle threshold (Ct) values (Ct < 38.00). Suspect resultswere
determined if one or more repeats yield Ct ≥38.00 and negative
results were determined if both repeats did not cross the threshold
(Ct > 40).
We regarded ‘suspect’ positives as unreliable as it could have
resulted from non-speciﬁc ampliﬁcation or potentially environ-
mental contamination. Ideally, DNA should have been reisolated,
but inour casewhere theentireﬂeawasused, this approachwasnot
feasible. Bartonellapositive real-time PCR yields∼300bp PCRprod-
uct of ssrA gene that can be directly sequenced and gthe obtained
sequence allows Bartonella species identiﬁcation (Diaz et al., 2012);
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herefore, positive real-time PCR products were sent to Macro-
en for direct sequencing (Macrogen Ltd., Seoul, South Korea).
ickettsia positive DNA samples results were subject to a further
iagnostic conventional nested PCR targeting the outer membrane
rotein A (ompA) gene and Rickettsia felis citrate synthase (gltA)
ene for speciation (Stenos et al., 2005). MyTaqTM Red Mix (Bio-
ine, Australia) and 2L of template DNA was used for the 25L
ested PCR reaction as previously described (Sˇlapeta and Sˇlapeta,
016). PCR amplicons were sent to Macrogen (Macrogen Inc.,
eoul, South Korea) for bidirectional sequencing. The sequences
ave been deposited in GenBank (ssrA: KY048301-KY048302; gltA:
Y048294-KY048300; ompA: KY048352-KY048358).
.5. Sequence analysis
Sequences were assembled using CLC Main Workbench 6.8.1
CLC bio, Qiagen, Denmark). Haplotype diversity was calcu-
ated and determined within the clades using DNACollapser,
aBox (Villesen, 2007). Phylogenetic analysis of C. felis DNA
nd the composition of the nucleotide sequences were deter-
ined using MEGA 6.06 and MEGA 7.0 (Kumar et al., 2016;
amura et al., 2013). Phylogenetic comparison was made between
ew Zealand and Australian haplotypes (KF684882-KF684912,
R363640-KR363646, KT376425-KT376439; Supplementary Table
), using MEGA 7.0 to determine likeness between the two sample
opulations (Kumar et al., 2016; Lawrence et al., 2014). Kimura 2
arameter (K2P) distancemodel and inter-population distancewas
alculated using MEGA 6.06 to determine haplotype divergence.
Speciation of Bartonella and Rickettsia were determined using
LC Main Workbench 6.8.1 (CLC bio, Qiagen, Denmark). Sequences
ere assembled and aligned using reference ssrA Bartonella
equences and gltA, ompA Rickettsia sequences available from Gen-
ank (National Center for Biotechnology Information, NCBI) to
ncluding reference gene ssrA for B. clarridgeiae (JN982716) and
eference genome of R. felis (CP000053).
. Results
.1. Identical Ctenocephalides felis across the Tasman Sea: the
ominant cox1 haplotype is shared between Australia and New
ealand
Samples were collected from all but three regions from the
orth and South Islands (Fig. 1; Supplementary Table 1). The ﬂeas
ollectedwerepredominantly from theNorth Island,with164 from
he North Island and 67 from the South Island. Morphological anal-
sis revealed 98.7% (228/231) were cat ﬂeas, C. felis (Fig. 1). Three
uman ﬂeas, Pulex irritans (Linnaeus, 1758), were collected in Gore,
ocated in the South Island (Fig. 1; Supplementary Table 1). Of the
28C. felis collected from 25 cats and 22 dogs, 177 were female and
8 were male (Table 1, sex ratio: 3.653).
For genotyping using cox1, we randomly selected 43 C. felis;
4 ﬂeas were from the North Island and 19 ﬂeas were from the
outh Island. There were six cox1 haplotypes (NZ1-6; overall mean
nter-haplotype distance, 1.1%; number of polymorphic sites, 26).
he most commonly seen haplotype (NZ1, 41.9%, 18/43) had a dis-
inctC/Tpolymorphismat residue443 (across the601-nt sequence)
romthe referenceC. felis cox1 sequence (KF684884). Thehaplotype
Z2 (32.6%, 14/43) was identical to the reference cox1 sequence
KF684884) –haplotypeh1 in Lawrence et al. (2014) fromAustralia.
aplotypes NZ1 and NZ2 were 99.8% (600/601) identical across the
01 nucleotides of the cox1 gene. In addition, a single P. irritanswas
enotyped at cox1.
AllNewZealand cox1haplotypesofC. feliswereclosely related to
ach other, forming monophyletic Clade 1 (Fig. 2). To compare thesitology 234 (2017) 25–30 27
cox1 haplotype diversity with C. felis from Australia, we retrieved
all (n=53) C. felis cox1 sequences from GenBank (National Center
forBiotechnology Information,NCBI).Multiple sequencealignment
and phylogenetic analysis revealed that all New Zealand C. felis
cox1 haplotypes and the majority of Australian cox1 haplotypes fall
within the major Clade 1 (Fig. 2). Clade 2, represented by ﬂeas from
Cairns region in Queensland, Australia was not detected in New
Zealand (Fig. 2).
For genotyping using cox2, we selected ﬁve C. felis from the
North Island, representing three distinct cox1 haplotypes (AL244-
1, AL245-1, AL246-1, AL249-1, AL250-1). There was only one
cox2 haplotype, which was identical to the h1 cox2 haplotype
(HQ696926) from Australia (Sˇlapeta et al., 2011).
3.2. Ctenocephalides felis from New Zealand possess DNA of
Bartonella clarridgeiae and Rickettsia felis
ThemultiplexBartonella andRickettsia real-time PCRof 38C. felis
found Bartonella and Rickettsia DNA in two (5.3%, 2/38; average Ct-
value 32.95, range 28.86–37.11) and seven (18.4%, 7/38; average
Ct-value 27.43, range 22.39–36.27) C. felis, respectively (Supple-
mentary Table 3). There were three (7.9%, 3/38) samples and ﬁve
(13.1%, 5/38) samples which were late ampliﬁers (Ct > 38.00), and
were regarded as ‘suspect’ positive for Bartonella and Rickettsia,
respectively. Negative control reactions, using PCR-grade water,
revealed no observable ampliﬁcations.
The two positive Bartonella samples came from one owned dog
and one owned cat. Of the seven positive Rickettsia samples, three
sampleswere fromdogs (2 owned, 1 stray) and fourwere from cats
(2 owned, 2 stray). All ‘suspect’ positive Bartonella and Rickettsia
ﬂeas were from cats (Supplementary Table 3).
Bartonella ssrA gene DNA sequencing of the real-time PCR prod-
ucts (n=2) revealed 100% identity with Bartonella clarridgeiae
(JN982716). Rickettsia real-time PCR positive DNA samples (n=7)
were successfully characterised using conventional PCR for Rick-
ettsia spp. (gltA, ompA) and the obtained new DNA sequences
were 100% identical with gltA and ompA genes of Rickettsia felis
(CP000053) (Supplementary Table 3).
4. Discussion
The genetic diversity between the cat ﬂea in Australia and New
Zealand are very similar at themitochondrial loci. TheNewZealand
cat ﬂeas belong to the Clade 1 that is the predominant clade for cat
ﬂeas in Australia (Lawrence et al., 2014; Lawrence et al., 2015a).
The cat ﬂeas in Clade 1 are also commonly found in Europe
(Lawrence et al., 2015b).
An initial populationbottleneck restricting geneﬂowcouldhave
been the cause of the low genetic diversity of New Zealand cat
ﬂeas and Australia. The cox1 gene was selected for this study as
it is applied widely across insects for molecular barcoding studies
(Hebert et al., 2003). For ﬂeas, it was determined that both cox1 and
cox2 could be used to speciate ﬂeas of the genus Ctenocephalides,
however the cox1marker demonstrated ahigher level of nucleotide
diversity (Lawrence et al., 2014).
Cat ﬂeas likelymigrated to bothAustralia andNewZealandwith
domestic dogs (Canis lupus familiaris) or cats (Felis catus) (Hopkins
and Rothschild, 1953; Russell et al., 2013). Companion cats and
dogs have similar historical introduction in these countries and
were introduced with European settlement (Brockie, 2007; Keane,
2008; King, 1985; Swarbick, 2008; Van Dyck and Strahan, 2008).
In Australia, cats were introduced between the 1600 s and 1804,
whereas companion dogswere likely introduced in 1788 (VanDyck
and Strahan, 2008). Similarly, in New Zealand, cats were initially
introduced in 1773 with European exploration, as they were used
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Fig. 1. Flea collection points from the North & South Islands of New Zealand. All but three regions were surveyed. Of the 231 ﬂeas collected, 228 were Ctenocephalides felis,
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D names are displayed.
o control rats on ships and companion cats had becomewell estab-
ished from 1820 (Brockie, 2007; King, 1985). Companion dogs
ere likely introduced around 1820, which coincided with the
opulation decline of the Polynesian dog, Kurı¯ (Canis lupus famil-
aris), which became extinct by the 1870s (Keane, 2008; Swarbick,
008). Both the historical introduction of host species and hap-
otype diversity is similar between Australian and New Zealand
at ﬂeas. Because of this, we can assume that cat ﬂeas were most
ikely been introduced with their host species (domestic cats and
ogs) during European settlement, which could explain the genetic
imilarities despite being separated by the Tasman Sea.geiae positive samples were mostly located on the North Island and corresponding
The closely related species, dog ﬂeas (Ctenocephalides canis) was
not identiﬁed in the current survey. Historically New Zealand had
a high prevalence (74.5%, n=327) of C. canis on dogs (Guzman,
1984; Pilgrim, 1980). Recent studies, however, documented gen-
eral absence of C. canis in the contemporary settings in Australia
and New Zealand (Kelly et al., 2005b; Lawrence et al., 2014; Sˇlapeta
et al., 2011).Our study supports the possibility for dogs and cats as the reser-
voirhosts forB. clarridgeiaeandR. felis, because theirDNAwas found
in ﬂeas collected on both dogs and cats. Cat ﬂeas (C. felis) are known
vectors for B. henselae, B. clarridgeiae and B. koehlerae (Barrs et al.,
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Fig. 2. Map of Australia and New Zealand depicting geographical distribution of C. felis haplotype clades. Evolutionary relationships of 96 cox1 haplotypes of Ctenocephalides
felis, comparing Australian and New Zealand haplotypes. The evolutionary history was inferred using the Minimum Evolution method. The percentage of replicate trees in
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ame units as those of the evolutionary distances used to infer the phylogenetic tre
total of 601 nucleotide positions in the ﬁnal dataset. Evolutionary analyses were c
010; Breitschwerdt, 2008; Hii et al., 2011; Koehler et al., 1994;
egnery et al., 1992). Moreover, C. felis is the dominant vector for
. felis (Angelakis et al., 2016; Bitam et al., 2010; Reif and Macaluso,
009). PresenceofR. felis in ﬂeas from theowneddogs andone stray
og is in agreement with the proposed role of dog as the reservoir
osts for R. felis (Hii et al., 2011).
In humans, B. henselae is commonly associated with cat scratch
isease, while the role of B. clarridgeiae in human disease is yet to
e fully established (Chomel et al., 2006; Kordick et al., 1997). In
eas sampled from the New Zealand’s North Island, B. clarridgeiae
nd B. henselae were detected in 7% and 11% of cat ﬂeas (n=114),
espectively (Kelly et al., 2005b).Ourﬁndings forB. clarridgeiae con-
rmed previous reports, but the lack of B. henselae was surprising
iven it had been previously detected in the North Island (Kelly
t al., 2005b). The lack of B. henselae detected could have been due
o the low sample size of this study. Our study conﬁrmed the preva-
ence ofR. felis inNewZealand cat ﬂeas, previously established to be
ound in 19% of cat ﬂeas collected about a decade ago (Kelly et al.,
005b). New Zealand is yet to diagnose a human case of cat-ﬂea
yphus (caused by R. felis). Due to the non-speciﬁc febrile symp-
oms, it is not uncommon for cat-ﬂea typhus to be misdiagnosed as
urine typhus, caused by Rickettsia typhi (Kelly et al., 2004, 2005a;
im et al., 2012). In 2012, there were four reported cases of murine
yphus, which may have in fact been misdiagnosed cat-ﬂea typhus
Lim et al., 2012).
In conclusion, we have determined genetic diversity of a popu-
ation of C. felis in New Zealand across both the North and South
slands. The combination of establishing mtDNA cox1 haplotype
iversity with the multiplexed real-time PCR and sequencing for
artonella and Rickettsia is suitable to understand the capability of
. felis to vector zoonotic pathogens. We demonstrated the close
hylogenetic identity of C. felis in Australia and New Zealand, sug-
esting shared introduction of the C. felis cox1 clade.hown next to the branches. The tree is drawn to scale, with branch lengths in the
evolutionary distances were computed using the Kimura 2-parameter. There was
ted in MEGA7 (Kumar et al., 2016).
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Abstract
The genus Leishmania includes approximately 53 species, 20 of which cause human leish-
maniais; a significant albeit neglected tropical disease. Leishmaniasis has afflicted humans
for millennia, but how ancient is Leishmania and where did it arise? These questions have
been hotly debated for decades and several theories have been proposed. One theory sug-
gests Leishmania originated in the Palearctic, and dispersed to the New World via the
Bering land bridge. Others propose that Leishmania evolved in the Neotropics. The Multiple
Origins theory suggests that separation of certain Old World and New World species
occurred due to the opening of the Atlantic Ocean. Some suggest that the ancestor of the
dixenous genera Leishmania, Endotrypanum and Porcisia evolved on Gondwana between
90 and 140 million years ago. In the present study a detailed molecular and morphological
characterisation was performed on a novel Australian trypanosomatid following its isolation
in Australia’s tropics from the native black fly, Simulium (Morops) dycei Colbo, 1976. Phylo-
genetic analyses were conducted and confirmed this parasite as a sibling to Zelonia costari-
censis, a close relative of Leishmania previously isolated from a reduviid bug in Costa Rica.
Consequently, this parasite was assigned the name Zelonia australiensis sp. nov. Assuming
Z. costaricensis and Z. australiensis diverged when Australia and South America became
completely separated, their divergence occurred between 36 and 41 million years ago at
least. Using this vicariance event as a calibration point for a phylogenetic time tree, the com-
mon ancestor of the dixenous genera Leishmania, Endotrypanum and Porcisia appeared in
Gondwana approximately 91 million years ago. Ultimately, this study contributes to our
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understanding of trypanosomatid diversity, and of Leishmania origins by providing support
for a Gondwanan origin of dixenous parasitism in the Leishmaniinae.
Author Summary
The genus Leishmania includes approximately 53 species, 20 of which cause human leish-
maniais, a significant disease that has afflicted humans for millennia. But how ancient is
Leishmania and where did it arise? Some suggest Leishmania originated in the Palearctic.
Others suggest it appeared in the Neotropics. The Multiple Origins theory proposes that
separation of certain Old World and Neotropical species occurred following the opening
of the Atlantic. Others suggest that an ancestor to the Euleishmania and Paraleishmania
appeared on Gondwana 90 to 140 million years ago (MYA). We performed a detailed
molecular and morphological characterisation of a novel Australian trypanosomatid. This
parasite is a sibling to the Neotropical Zelonia costaricensis, a close relative of Leishmania,
and designated as Zelonia australiensis sp. nov. Assuming Z. costaricensis and Z. austra-
liensis split when Australia and South America separated, their divergence occurred
between 36 and 41 MYA. Using this event as a calibration point for a phylogenetic time
tree, an ancestor of the dixenous Leishmaniinae appeared in Gondwana ~ 91 MYA. This
study contributes to our understanding of trypanosomatid diversity by describing a
unique Australian trypanosomatid and to our understanding of Leishmania evolution by
inferring a Gondwanan origin for dixenous parasitism in the Leishmaniinae.
Introduction
The success of Leishmania species, the complexity of their dixenous life cycle, and the intricacy
of their host-parasite interactions implies a relationship between host, parasite and vector that
has evolved over millions of years, certainly predating the appearance of humankind. Evidence
for this ancient origin was first identified in the form of Paleoleishmania proterus; a trypanoso-
matid discovered in a fossilised Palaeomyia burmitis sand fly that became trapped in Burmese
amber approximately 100 million years ago (MYA) [1]. A second fossilised specimen of the
extinct sand fly Lutzomyia adiketis contained a trypanosomatid parasite assigned the name
Paleoleishmania neotropicum [2]. This specimen was preserved in amber from the Dominican
Republic and was dated at 20 to 30 million years old [2]. While these findings provide insights
into the ancient origins of Leishmania, the evolutionary and biogeographical history of this
genus remains a hotly debated topic, and multiple theories have been proposed [3–6].
The Palaearctic origins theory suggests that Leishmania originated in the Old World and
dispersed to the New World via the Bering land bridge which was open during the Eocene
epoch [6–8]. Amastigotes of the ~100 million year old Paleoleishmania proterus were observed
in Cretaceous reptilian blood [9], supporting that the reptile-infecting Sauroleishmania subge-
nus evolved first in the Palearctic. However, this requires that the Sauroleishmania form a sis-
ter clade to all other Leishmania species [3, 7], and implies that adaptation to mammals,
possibly murid rodents, occurred later when reptiles declined during the global cooling epi-
sode that denotes the Eocene to Oligocene transition [6, 8, 10]. Alternatively, the Neotropical
origins hypothesis suggests Leishmania appeared in the Neotropics between 34 and 46 MYA
and was dispersed to the Nearctic by rodents (i.e. porcupines) via the Panamanian land bridge
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[11]. The parasites were then dispersed further, from the Nearctic to the Palaearctic via the
Bering land bridge [3, 6].
The Multiple Origins hypothesis, also known as the Neotropical/African Origins hypothesis
[6], considers the origins of the Euleishmania, comprising the Leishmania, Viannia, and Saur-
oleishmania subgenera, and the Paraleishmania [7] which presently includes Endotrypanum
and the newly established genus, Porcisia Shaw, Camargo and Teixeira, 2016 [12]. This
hypothesis supposes that the Euleishmania and Paraleishmania existed as separate lineages
prior to the breakup of Gondwana. Upon the opening of the Atlantic Ocean, the Euleishmania
evolved into the Sauroleishmania and Leishmania subgenera in the Old World, and the Vian-
nia subgenus evolved from the Euleishmania that remained in the New World [7]. This theory
also supposes that an ancestor of the few known Neotropical Leishmania (Leishmania) species
was later dispersed from the Old World to the New World via the Bering land bridge [3, 6].
The Supercontinents hypothesis represents a variation of the Multiple Origins theory, and pro-
poses that the Euleishmania and Paraleishmania diverged approximately 90 to 100 MYA, and
that an ancestor to Leishmania, Endotrypanum and Porcisia evolved from a monoxenous try-
panosomatid on Gondwana between 90 and 140 MYA [3]. This hypothesis was discussed sev-
eral years ago by Yurchenko et al. [4], though more recently explored by Harkins et al. [3],
who also provided phylogenetic support. Inclusion of an Australian Leishmania species in phy-
logenies from that study also allowed calibration of time trees at a speciation event (a node)
that likely arose when Australia became completely separated from South America, via Antarc-
tica, approximately 40 MYA [3]. However, the separation of these continents was a highly pro-
tracted event, beginning during the early Cretaceous period and resulting in a large rift valley
between Australia and Antarctica as early as 125 to 105 MYA [13]. Consequently, calibration
of this node at 40 MYA represents a minimum time point for the vicariant event that separated
the Australian Leishmania parasite from its ancestors in the Neotropics.
There has been an intense effort amongst trypanosomatid taxonomists in recent years to
increase our knowledge of trypanosomatid diversity and better understand the evolutionary
relationships between members of this important group of parasites [12, 14, 15]. These endeav-
ours have required detailed molecular and morphological characterisation of newly isolated
species to avoid misclassification and subsequent confusion for later investigators [15]. This
work has led to several new developments, including establishment of new genera and the
reassignment of "old" parasites to different genera [12, 14–19]. Despite these recent advances,
knowledge of Australia’s indigenous Leishmaniinae remains incredibly scarce. Extended peri-
ods of geographical isolation have resulted in Australia’s unique and often peculiar fauna.
Indeed, this uniqueness is reflected in Australia’s native Leishmania parasite which, curiously,
is thought to be transmitted in the bite of a day feeding midge (Diptera: Ceratopogonidae),
rather than a phlebotamine sand fly [20]. Given Australia’s unique fauna, surveying its insects
for endogenous trypanosomatids could contribute markedly to our understanding of trypano-
somatid diversity and uncover evolutionary relationships that were previously elusive.
As a contribution to these efforts, we describe the detailed molecular and morphological
characterisation of a novel trypanosomatid isolated from the Australian native black fly, Simu-
lium (Morops) dycei Colbo, 1976. Phylogenetic analyses confirmed this parasite as a sibling
species to Leptomonas costaricensis; a trypanosomatid previously isolated from a reduviid bug
in Costa Rica [4]. In a recent appraisal of trypanosomatid taxonomy, Espinosa et al. [12]
argued that L. costaricensis was phylogenetically distant from other Leptomonas spp. and
should be placed in a separate genus. Consequently, the genus Zelonia n. gen Shaw, Camargo
and Teixeira (2016) [12] was established to accommodate this organism (henceforth Zelonia
costaricensis) and its nearest relatives. Accordingly, the Australian parasite isolated in this
study was assigned the name Zelonia australiensis sp. nov. Assuming that the separation of Z.
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costaricensis and Z. australiensis occurred as a result of vicariance, when Australia and South
America separated, we suggest their divergence took place between 36 and 41 MYA, at least
[21]. Using this event as the calibration point for a phylogenetic time tree, the clade containing
the dixenous parasites Leishmania, Endotrypanum and Porcisia i.e. the Euleishmania and Para-
leishmania, was estimated to have diverged from a monoxenous ancestor in Gondwana during
the mid-Cretaceous, approximately 91 MYA. Ultimately, this study contributes to our under-
standing of trypanosomatid diversity, and of Leishmania origins, by providing support for a
Gondwanan origin of dixenous parasitism in the Leishmaniinae.
Materials and Methods
Study location and insect trapping
Insect collection was performed following approval by the University Technology Sydney Ani-
mal Care and Ethics Committee. Insect trapping was performed near the location selected by
Dougall et al. [20] (Table 1, S1 File) as it was considered suitable for the isolation of other trop-
ical trypanosomatids and would provide an opportunity to re-isolate the Australian Leish-
mania parasite [22], thereby confirming its persistence in the region. Note that at the time of
writing, the name Leishmania ‘australiensis’ had been used to describe this Australian Leish-
mania parasite in the scientific literature [6], and in an Australian government document [23],
in the absence of any formal description. Consequently, the name Leishmania ‘australiensis’ is
a nomen nudum and is no longer available as a species name. To prevent continued use of this
nomen nudum, the present study includes a formal description of this Australian Leishmania
species, referred to henceforth as Leishmania macropodum sp. nov., Barratt, Kaufer & Ellis
2017.
Insect identification
Trapped midges and flies were identified with the aid of keys and descriptions [20, 24–27]. Fly
specimens were dissected and mounted using the method described by Craig et al. [28]. In
some cases, DNA was extracted from flies for barcoding purposes prior to identification by
morphology. A DNA extraction method described by Lawrence et al. [29] (S1 File) was
employed that conserved the exoskeleton for downstream morphological identification.
Cultivation of parasites from insects
Insects were pooled and crushed with a spatula in ~200 μL of PBS. The resulting suspension
was used to inoculate a Leishmania culture medium based on the medium previously
described by Dougall et al. [20]. The parasite cultures obtained were initially contaminated
with a Fusarium sp. fungus. As the parasite cells outnumbered the fungi, the cultures were axe-
nised by serial dilution such that the fungi were diluted out resulting in a pure promastigote
culture. To facilitate downstream promastigote counting experiments, a liquid medium was
developed and optimised to establish the ideal haemoglobin content (S1 File).
Light microscopy and transmission electron microscopy
To examine the morphology of cultured promastigotes, a Leishman stain was performed
(Sigma-Aldrich) on cell-dense promastigote cultures, in accordance with the manufacturer’s
instructions. Cell morphology was examined by oil emersion light microscopy (1000X magni-
fication) using a Leica DM1000 microscope (Leica Microsystems). To examine their ultra-
structural features, cultured promastigotes were embedded in low melting point agarose and
prepared for transmission electron microscopy using standard procedures (S1 File). Following
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this, ultrathin sections were cut from the agarose and examined using a Hitachi H-7650 Trans-
mission Electron Microscope (USA).
DNA extraction and Polymerase Chain Reaction (PCR)
For extraction of total DNA from parasites, approximately 1 mL of dense promastigote culture
was placed in a 1.5 mL tube and the cells were pelleted by centrifugation at 300 g for 15 min-
utes. The supernatant was discarded and DNA was extracted from the pellet using an EZ1
DNA tissue extraction kit (QIAGEN) and a BioRobot EZ1 DNA extracting robot (QIAGEN)
according to the manufacturer’s instructions. The DNA was eluted in a volume of 50 μL for
downstream PCR analysis. PCR primers were designed to amplify the 18S rRNA gene and
three protein coding genes; the glycosomal glyceraldehyde 3-phosphate dehydrogenase
(gGAPDH), RNA polymerase II largest subunit (RPOIILS), and heat shock protein 70 (HSP70)
genes (Table 2). To generate PCR products from insects for barcoding purposes, a set of previ-
ously published primers were used to amplify fragments of the cytochrome C oxidase subunit
I (COI) and II (COII) genes, the 18S rRNA gene, and the 28S rRNA gene (Table 2). Each PCR
was prepared using reagents provided in the BIOTAQ PCR Kit (Bioline) (S1 File). The PCR
products were subjected to electrophoresis on 2% agarose gels stained with GelRed, and visual-
ised under UV light.
Sequencing of PCR products
The PCR products were excised from agarose gels using a sterile scalpel blade. Amplicons were
extracted from gel slices using a QIAquick Gel Extraction Kit (QIAGEN) according to the
manufacturer’s instructions. Sequencing was performed by the service provider Macrogen
(South Korea) on an ABI 3730XL capillary sequencer. Ambiguous, low quality bases were
manually trimmed from the ends of sequences which were then assembled using CAP3 [30].
Sequences generated from PCR amplicons of gGAPDH and RPOIIL displayed several ‘dual-
peaks’, where two bases were superimposed at the same base position along the sequence. Fur-
thermore, the multi-copy ITS1 DNA sequences of trypanosomatids can differ between copies,
making direct sequencing of ITS1 amplicons difficult [31]. Cloning of these amplicons was
performed to overcome this issue, so that individual clones could be sequenced. These ampli-
cons were cloned using a TOPO TA cloning kit for sequencing (Thermo Fisher Scientific).
Cloning reactions were prepared according to the manufacturer’s instructions (S1 File), and
sequencing of cloned PCR fragments was carried out directly from the purified plasmid, twice
in the forward and reverse directions, by the service provider Macrogen. Sequencing was per-
formed using the universal T3 and T7 primers (Table 2), which possess priming sites flanking
the amplicon insertion site.
Table 1. Precise coordinates of insect trap sites and trapping times.
Trap site # Latitude Longitude Elevation Trapping times
1 -12˚42’29.6100” 130˚59’37.8240” 26.18 m 9.45 am– 11.30 am
11.30 am– 2.00 pm
2 -12˚42’26.7186” 130˚59’38.3382” 21.24 m 10.00 am– 11.40 am
11.40 am– 2.15 pm
3 -12˚42’30.9960” 130˚59’46.5534” 21.16 m 10.30 am– 12.00 pm
12.00 pm– 2.30 pm
doi:10.1371/journal.pntd.0005215.t001
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Restriction Fragment Length Polymorphism (RFLP) analysis
A PCR-RFLP assay targeting the Leishmaniinae ITS1 DNA, previously described by Scho¨nian
et al. [32] was employed to further characterise the newly isolated trypanosomatid (S1 File). As
controls for comparison, this assay was carried out on genomic DNA from Leptomonas sey-
mouri, Leishmania turanica, Leishmania major and Wallacemonas collosoma (previously Lepto-
monas collosoma). These DNA specimens were kindly provided by Professor Larry Simpson
(University of California, Los Angeles) and date back to the study by Lake et al. [33]. Leish-
mania donovani DNA provided by the Department of Microbiology at St Vincent’s Hospital,
Sydney was also included for comparison. The restriction fragments were subjected to agarose
gel electrophoresis on a 3% gel stained with GelRed and visualised under UV light.
Phylogenetic analysis
Phylogenetic trees were constructed to infer the evolutionary relationship between this newly
isolated trypanosomatid and other related parasites. S1 Table lists all GenBank accession num-
bers for sequences generated in this study and those published by others that were used to con-
struct phylogenetic trees. Multiple sequence alignments were performed using the MEGA
software package, version 7.0.14 [34]. Alignments were manually curated to improve accuracy,
and phylogenetic analysis was performed using MEGA. Trees were inferred using three meth-
ods: the Maximum Likelihood (ML) method based on the Tamura-Nei model [35], the Mini-
mum Evolution (ME) method [36], and the Neighbour-Joining (NJ) method [37]. For ML
trees, initial trees for the heuristic search were obtained automatically by applying the
Table 2. PCR primers used in this study.
Target Primer name Primer sequence (5’ to 3’) Annealing Temp. Amplicon size Reference
Parasite
gGAPDH LeptoC-1 ATCGTGATGGGCGTGAAC 57˚C ~450 This study
LeptoC-2 TGCCCTTCATGTACGTCT
RPOIILS RPOIILS-1 AACAAGCTCAAGATGAACCTG 57˚C ~545 This study
RPOIILS-2 CATTGCGCTGGTTCTTGCT
18S rRNA SSU-1 ATCTGCGCATGGCTCATTAC 57˚C ~1155 This study
SSU-2 CACACTTTGGTTCTTGATTGA
HSP70 Hsp70-1 ACGCTGCTGACGATCGAC 59˚C ~850 This study
Hsp70-2 ACACGTTCAGGATGCCGTT
ITS1 DNA LITSR CTGGATCATTTTCCGATG 58˚C ~300 [32]
L5.8S TGATACCACTTATCGCACTT
Fly
COX I LCO1490 GGTCAACAAATCATAAAGATATTGG 52˚C ~700 [103]
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA
COX II TL2-J-3034 ATTATGGCAGATTAGTGCA 54˚C ~810 [104]
TK-N-3785 GTTTAAGAGACCAGTACTTG
18S rRNA B18S_F TTTTATGCAAGCCAAGCACA 63˚C ~920 [104]
B18S_R TGGGAATTCCAGGTTCATGT
28S rRNA B28S_F GAAAAGGGAAAAGTCCAGCAC 63˚C ~890 [104]
B28S_R CACATTTTATGCGCTCATGG
Plasmid sequencing primers
Cloning vector T3 ATTAACCCTCACTAAAGGGA N/A N/A N/A
T7 TAATACGACTCACTATAGGG
doi:10.1371/journal.pntd.0005215.t002
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Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
Maximum Composite Likelihood (MCL) approach, and then selecting the structure with supe-
rior log likelihood values. For ME trees, the evolutionary distances were computed using the
MCL method [38], and were searched using the Close-Neighbor-Interchange algorithm at a
search level of 2 [39]. The Neighbor-Joining algorithm was used to generate the initial ME tree
[37]. For NJ trees, the evolutionary distances were also computed using the MCL method [38].
Time trees were generated using the RelTime method [40].
Results
Insect identification, fly molecular analysis and parasite isolation
Seventy-nine Forcipomyia (L.) spp. midges were collected from traps though none were recov-
ered directly from the fur of macropods. Fifty Forcipomyia (L.) spp. were pooled in three
groups (of 10, 20 and 20) for parasite culture, though all were negative for promastigotes after
2 weeks incubation. Other species recovered in traps included Culicoides spp., S. (M.) dycei
(Fig 1), mosquitoes, phlebotomine sand flies and several others. Simulium (M.) dycei were par-
ticularly common, with over 120 specimens recovered from traps and 20 aspirated directly
from the fur of macropods. Simuliidae are known vectors of other important parasites [41],
and are common pests [42]. Consequently, the observation of S. (M.) dycei commonly biting
macropods around the eyes, ears, wrists and feet also encouraged its selection for further
study. PCR products were sequenced from the COI, COII, 18S rRNA, and 28S rRNA genes of
two female S. (M.) dycei specimens (Fly A and Fly B) (GenBank Accessions KY288010 to
KY288017). The identity of these GenBank depositions as belonging to S. (M.) dycei was con-
firmed beyond a doubt by morphological examination of the exoskeletons following DNA
extraction (S1 Fig). Three cultures were prepared from S. (M.) dycei (pools of 20 flies), and one
culture was positive for Leishmania-like promastigotes after 2 weeks incubation. All remaining
specimens of S. (M.) dycei (n = 24) were tested for Leishmaniinae DNA using the PCR assay
described by Scho¨nian et al. [32], though all returned a negative result.
Effect of haemoglobin on growth
Promastigote growth was investigated in four liquid media differing in haemoglobin content
(M0 to M3) (S1 File). Growth was observed in all media including M0 which contained no
haemoglobin although the highest cell densities were observed in M3, which contained the
highest haemoglobin concentration (Fig 2). In all media, promastigote growth peaked at day 3
and numbers plateaued by day 4. Promastigote numbers steadily decreased until the experi-
ment was terminated on day 6.
Promastigote morphology
Leishman stained smears and wet preparations of cultured parasites revealed several cell mor-
photypes. Images of these forms are provided in Fig 3. Transmission electron microscopy
performed on cultured promastigotes confirmed the presence of ultrastructural features con-
sistent with the Leishmaniinae and similar to the descriptions of Zelonia costaricensis (Fig 4)
[4].
Molecular characterisation of parasites
BLAST searches carried out on the parasite sequences generated in this study (GenBank
Accessions KY273490 to KY273515) suggested the parasite was of the subfamily Leishmanii-
nae. The PCR-RFLP assay generated a restriction pattern for the isolate that differed when
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compared to that produced for the other species tested (Fig 5). Seventeen unique ITS1 DNA
clones (GenBank Accessions KY273499 to KY273515), four unique gGAPDH clones (GenBank
Accessions KY273493 to KY273496) and three unique RPOIILS clones (GenBank Accessions
KY273490 to KY273492), were generated. The L. seymouri sequences generated in this study
Fig 1. Morphology of a female Simulium (Morops) dycei, Colbo 1976. (A) Habitus of S. (M.) dycei female. (B) Mandible and lacinia of
S. (M.) dycei female. (C) Genital fork of S. (M.) dycei female. (D) Anepisternal (pleural) membrane of S. (M.) dycei female. (E) Antenna of
S. (M.) dycei female. (F) Wing of S. (M.) dycei female. (G) Hind leg tarsomeres of S. (M.) dycei female showing the pedisulcus and
calcipala.
doi:10.1371/journal.pntd.0005215.g001
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for gGAPDH, HSP70 and the 18S rRNA genes (GenBank Accessions KY273516, KY273519 and
KY273517, respectively) were identical to Leptomonas spp. sequences already available in Gen-
Bank (Accessions: AF047495, FJ226475 and KP717895, respectively), supporting the accuracy
of sequences generated using this workflow. However, the RPOIILS sequence generated in this
study (GenBank Accession: KY273518) differed by six bases to a previously published L. sey-
mouri sequence which may indicate the sequence was derived from a different strain (Gen-
Bank Accession: AF338253).
Phylogenetic analysis
Phylogenetic trees were constructed from concatenated alignments of 18S rDNA and gGAPDH
sequences (Fig 6), and 18S rDNA, gGAPDH, RPOIILS and HSP70 sequences (Fig 7) to infer the
phylogenetic relationship between this novel trypanosomatid and other related parasites.
Concatenated sequence alignments were employed as these are generally considered more
robust for inferring phylogenetic relationships [15]. For each alignment, phylogenies inferred
using the ML, NJ and ME methods showed the same structure. Both phylogenies positioned
this parasite in the subfamily Leishmaniinae, basal to the clade occupied by Leishmania, Endo-
trypanum and Porcisia. The phylogeny generated from the 18S rDNA and gGAPDH
concatenated sequence inferred Z. costaricensis as the sibling species to this new parasite, with
a bootstrap percentage of at least 99, across 1000 replicates for each phylogenetic method used
(ML, NJ and ME). Based on this result and the morphological characteristics previously
described, this parasite was assigned to the genus Zelonia and will hereafter be referred to as
Zelonia australiensis sp. nov. Once this classification was established, a phylogenetic time tree
was constructed using concatenated sequences of the 18S rDNA and RPOIILS genes, given that
these phylogenetically informative sequences were available for many Leishmaniinae. The
node representing the divergence of Z. australiensis and Z. costaricensis was selected as a cali-
bration point. This node was set at 36 to 41 MYA which is the estimated time period that
Fig 2. Effect of haemoglobin on promastigote growth. Promastigotes were cultured in triplicate in three media
differing in haemoglobin content; M1 (0.0099 g/L), M2 (0.495 g/L) and M3 (0.99 g/L). These media were accompanied by
a negative control medium containing no haemoglobin (M0). Promastigote growth seems related to haemoglobin
concentration, with the most rigorous growth and highest cell densities observed in M3; the media with the highest
haemoglobin concentration. The slowest growth and lowest cell densities were observed in M0, the negative control.
doi:10.1371/journal.pntd.0005215.g002
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Australia and South America became completely separated [21], representing a minimum
time for the separation of these taxa. Using this calibration point, an ancestor to Leishmania,
Endotrypanum and Porcisia was predicted to have appeared approximately 91 MYA (Fig 8),
inferring a Gondwanan origin for dixenous parasitism in the Leishmanaiinae subfamily [3].
Fig 8 also infers that the divergence of Z. australiensis from Z. costaricensis, and Leishmania
macropodum from other Mundinia parasites occurred around the same time, just prior to the
Eocene to Oligocene transition, which occurred between 33 and 34 MYA.
Discussion
The genus Leishmania includes approximately 20 species of protozoan parasite that are the
etiological agents of human leishmaniais [6], an important albeit neglected tropical disease.
Relative to other protozoan diseases, leishmaniasis is second in importance to malaria as a
Fig 3. Morphology of trypanosomatid cells in axenic cultures. (A) Photomicrographs of Leishman stained Zelonia australiensis
promastigotes cultured in M3, viewed under oil emersion microscopy (1000X magnification). (B) Photomicrograph of a round
promastigote with gross morphological characteristics indicated including the nulcleus (N), kinetoplast (K), flagellar pocket (FP), and
flagellum (Fl). (C) Wet mount photomicrograph of live axenically cultured Zelonia australiensis promastigotes viewed under phase
contrast microscopy (400X magnification) showing several forms. (D) Photomicrographs of the various Z. australiensis forms as seen
in Leishman stained slides, prepared from axenically cultured parasites. The parasite shows a high degree of pleomorphism in
culture. This has been reported for other trypanosomatids, and limits the use of morphology for classification of these organisms [16,
101].
doi:10.1371/journal.pntd.0005215.g003
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cause of mortality [43], and WHO estimates suggest a disease burden of 2.35 million DALYs
(Disability-Adjusted Life Years) lost as a result of leishmaniasis. Leishmania exists on all conti-
nents with the exclusion of Antarctica, though its geographical range is focused in the tropics
and subtropics [6]. Despite Australia’s geographical isolation, representatives of this genus
have also been found on this continent [44]. As a consequence of its wide global dispersion
patterns, the biogeographical history of Leishmania has been hotly debated for decades and
several hypotheses have been proposed.
The Palaearctic origins theory suggests that Leishmania originated in the Old World during
the early Cenozoic period [8], and was later dispersed to the Nearctic and then the Neotropics
via the Bering land bridge, which was open during the Eocene epoch but eventually closed
approximately 33 to 35 MYA [6, 45]. The discovery of P. proterus fossilised in Burmese amber
Fig 4. Transmission electron micrographs of promastigotes showing fine detail. (A) Fine structure
closely associated with the flagellum (fl) including the kinetoplast (K), basal body (bb), flagella pocket (fp),
axonemes (ax), kinetoplast disk (kD) and a multivesicular body (mvb). (B) Fine cell structures including the
golgi body (gb), glycosomes (gl) and mitochondria (mt). Mitochondrial DNA (mD) is visible within the
mitochondria and kinetoplast (K). (C) Longitudinal cross-section of promastigote showing the nucleus (Nu),
elongated mitochondria (mt), karyosome (Ka) and pellicle (Pe). (D) Example of striated pattern cause by
sectioning of promastigote across the subpellicular microtubules (s).
doi:10.1371/journal.pntd.0005215.g004
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supports an Old World origin for Leishmania, though the age of the amber (100 to 110 million
years old) supports an earlier Cretaceous origin [1, 9], consistent with recent phylogenies [3]
(Fig 8). Paleoleismania proterus were visible in the proboscis of Palaeomyia burmitis, and
amastigotes were noted in reptilian red blood cells within the fly [1, 9]. This led to the interpre-
tation that a dixenous life cycle had evolved in the Leishmaniinae roughly 100 MYA in the Old
World, and supported that Cretaceous reptiles were the first vertebrate hosts of the earliest dix-
enous Leishmaniinae [6, 8, 9]. However, this interpretation is not supported by current phy-
logenies that do not place the Sauroleishmania in a basal position or sister clade to all other
Leishmania species [3, 46–49] (Fig 8).
While the fossilised forms identified within P. burmitis are compelling and undoubtedly
represent an early trypanosomatid [1], inferring evolutionary relationships for protozoa based
purely on morphology is precarious. Some of the forms described by Poinar and Poinar could
easily represent epimastigotes of Trypanosoma spp. based on the location of the kinetoplast rel-
ative to the nucleus [1]. Trypanosoma spp. are basal to all Leishmaniinae and so a dixenous life
cycle probably evolved in this genus much earlier [15]. Furthermore, Trypanosoma spp. are
known to infect reptiles and some reptile-infecting trypanosomes are transmitted by sand flies
[50–52]. Mixed trypanosomatid infections are also common in insects [53, 54], which further
complicates interpretation of such evidence. Additionally, it is well established that trypanoso-
matids have undergone substantial molecular evolution despite minimal morphological
change [55]. This phenomenon has led to erroneous taxonomic assignments, even for taxa
that are presently alive today [15]. Consequently, assignment of these organisms to the
Fig 5. PCR-RFLP analysis of the newly isolated parasite and other Leishmaniinae. Comparison of PCR products and Hae III restriction fragments
generated for several Leishmaniinae, including Leptomonas seymouri and Wallacemonas collosoma. Stars indicate the PCR products and restriction
fragments generated for Zelonia australiensis. Samples were run against a 50 bp Hyperladder molecular weight marker (Bioline). An additional gel
image (far right) includes the Hae III digested PCR product from Z. australiensis compared to that of Leishmania donovani.
doi:10.1371/journal.pntd.0005215.g005
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Trypanosomatidae based on the fossil evidence at hand is warranted [1], though classifying
these organisms at any greater resolution is probably tenuous.
The Neotropical origins hypothesis proposes that Leishmania evolved in South America
between 34 and 46 MYA [3, 6]. Indeed, a Neotropical origin is supported by the evidence avail-
able, though the appearance of Leishmania probably occurred much earlier than the Neotropi-
cal hypothesis initially proposed (Fig 8) [3, 56]. The Neotropical origins theory is also
supported by the limited range of the Paraleishmania which are restricted to the New World,
Fig 6. Inferred evolutionary relationship between Zelonia australiensis and other trypanosomatids using concatenated 18S rDNA and
gGAPDH sequences. This tree was constructed using sequences from 23 trypanosomatids, aligned to a total of 1302 positions with all gaps and
missing data eliminated. The structure of this tree was inferred using three statistical methods; the ML method based on the Tamura-Nei model, the
ME method [36] and the NJ method [37]. The same tree structure was predicted using each method. The first value at each node is the percentage of
trees in which the associated taxa clustered together using the ML method (1000 replicates). The second and third number at each node is the
percentage of replicate trees obtained for the ME and NJ methods respectively, in which the associated taxa clustered together in the bootstrap test
(1000 replicates) [102]. A solid diamond indicates a node that obtained a value of 100% for all three methods. An open diamond indicates a node that
obtained a value of at least 99% for each method. The star highlights the phylogenetic position of Z. australiensis. The bar represents the number of
substitutions per site.
doi:10.1371/journal.pntd.0005215.g006
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and are basal to all Euleishmania [3, 6, 16] (Figs 7 and 8). The Multiple Origins hypothesis sug-
gests the Euleishmania and Paraleishmania evolved on Gondwana prior to the opening of the
Atlantic Ocean. When Africa and South America separated, the Euleishmania in the Old
World evolved into the Sauroleishmania and Leishmania subgenera, while Euleishmania in the
New World evolved into Viannia [3, 7]. A very ancient, African origin has been proposed for
most Old World Leishmania species given their intimate relationships with certain rodent spe-
cies and hyraxes; vertebrates that have a highly restricted range [7]. However, the results of this
study and others suggest that the Old World Leishmania (Leishmania) parasites originated
approximately 30 MYA [3] (Fig 8).
The present study supports a Gondwanan origin for dixenous parasitism in the Leishmanii-
nae subfamily, inferring the appearance of a common ancestor to the Euleishmania and Para-
leishmania at approximately 91 MYA (Fig 8) [3]. This places the origin of the dixenous
Leishmaniinae during the breakup of Gondwana when the radiation of mammals first began
[57], and is within the lower limit of 90 to 140 MYA proposed recently by Harkins et al. [3]. By
90 MYA, Africa and South America had already separated. Multiple phylogenies suggest that
Viannia emerged millions of years later (Fig 8) [3, 11, 57], implying that their divergence from
other Euleishmania was not triggered by the separation of Africa and South America. The
Fig 7. Inferred evolutionary relationship between Zelonia australiensis and other trypanosomatids using concatenated 18S rDNA, gGAPDH,
RPOIILS and HSP70 sequences. This phylogenetic tree was constructed using sequences from 15 trypanosomatids, aligned to a total of 2344
positions with all gaps and missing data eliminated. The structure of this tree was inferred using three statistical methods; the ML method based on the
Tamura-Nei model, the ME method [36], and the NJ method [37]. The same tree structure was predicted using each method. The first value at each
node is the percentage of trees in which the associated taxa clustered together using the ML method (1000 replicates). The second and third number at
each node is the percentage of replicate trees obtained for the ME and NJ methods respectively, in which the associated taxa clustered together in the
bootstrap test (1000 replicates) [102]. A solid diamond indicates a node that obtained a value of 100% for all three methods. The star highlights the
phylogenetic position of Z. australiensis. The bar represents the number of substitutions per site.
doi:10.1371/journal.pntd.0005215.g007
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Fig 8. Phylogenetic Time Tree inferring the evolutionary relationships between Zelonia australiensis and other trypanosomatids using
concatenated 18S rDNA and RPOIILS sequences. This tree was constructed using sequences from 29 trypanosomatids, aligned to a total of 784
positions with all gaps and missing data eliminated. The structure of this tree was inferred using three statistical methods; the ML method based on the
Tamura-Nei model, the ME method [36], and the NJ method [37]. The same tree structure was predicted using each method. The predicted minimum
divergence times for each node i.e. the values outside the brackets, were predicted using the RelTime method [40]. Estimated divergence times greater
than 1 MYA are rounded to the nearest whole number. The error calculated for the divergence time at each node is shown in S2 Fig. Regarding values
within brackets, the first number is the percentage of trees in which the associated taxa clustered together using the ML method (1000 replicates). The
second and third number is the percentage of replicate trees obtained for the ME and NJ methods respectively, in which the associated taxa clustered
together in the bootstrap test (1000 replicates) [102]. An open diamond indicates a node that obtained a value of 99% or greater for each method. A solid
diamond indicates a node that obtained a value of 100% for all methods. A solid circle represents nodes that obtained a value of 60% or less for each
method. A solid square represents a collapsed node. The star highlights the phylogenetic position of Z. australiensis. Branches are colour coded to
indicate the current dispersion pattern for the different species. Note that Leishmania infantum is also found in European countries flanking the
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presence of the Leishmania subgenus in the New World is often discussed as a migration from
the Old World to the New [58]. However, based on current evidence, an alternate scenario is
proposed. Approximately 50 MYA the climate in the northern hemisphere was tropical and a
series of land bridges, shallow seas and island chains connected Europe, North America and
Asia [11, 59]. These land bridges were probably endemic for Leishmania and allowed move-
ment of host and vector between the Old World and the New until approximately 35 to 33
MYA, when these bridges disappeared [45]. Paleontological evidence supports an exchange of
primate and rodent species between North and South America during the same period, indi-
cating that the Panamanian land bridge was also open [60]. The disappearance of these north-
ern land bridges coincides with the sharp drop in temperature that signifies the Eocene to
Oligocene transition [61]. This also coincides with the inferred emergence of the New World
Leishmania (Leishmania) spp. approximately 30 MYA [3] (Fig 8). By 33 MYA, these once trop-
ical northern land bridges were uninhabitable for sand flies, probably forcing the range of
Leishmania and other tropical species south towards the Neotropics in the New World, and
out of Northern Europe, towards Africa and South East Asia in the Old World. The presence
of L. (L.) amazonensis/mexicana complex organisms in China supports this scenario [3, 62].
The subgenus Mundinia Shaw, Camargo and Teixeira 2016 was recently established to
accommodate members of what was previously referred to as the L. enrietti complex [12].
While Mundinia are widely dispersed, L. (M.) enrietti itself was initially isolated from guinea
pigs in Brazil and is probably native to the Neotropics [63]. A related organism, Leishmania
(Mundinia) martiniquensis, was later identified on the Caribbean Island of Martinique,
detected in immunocompromised patients presenting with cutaneous leishmaniasis (CL) and
visceral leishmaniasis (VL) [64–66]. Parasites of the Mundinia subgenus have since been iden-
tified in Thailand i.e. Leishmania sp. ’siamensis’, as a cause of human VL, predominantly in
immunosuppressed patients [67–70]. As discussed by other investigators [46], Leishmania ’sia-
mensis’ represents a nomen nudum, and is shown inverted commas here as a consequence.
Leishmania ’siamensis’ was detected in horses from the USA and central Europe [71, 72], and
in Swiss cows [73]. The geographical range of L. ’siamensis’ and L. (M.) martiniquensis is
known to overlap given the recent detection of L. (M.) martiniquensis in Thailand [46], result-
ing in misidentification in some cases [46, 74]. Additionally, a unique Mundinia parasite was
only recently identified as a cause of human CL in Ghana [46], though this organism is yet to
be named. Leishmania (M.) macropodum is also a member of the Mundinia subgenus, and is
recognised as a cause of CL in Australian native macropods [44, 75].
The global dispersion pattern of Mundinia is difficult to explain, though the current range
of L. (M.) martiniquensis may be related to human activities such as international shipping and
trade, facilitating the movement animals i.e. livestock, companion animals and rodents,
between regions that would have otherwise been non-traversable. Indeed, rats have been piv-
otal to the global dispersion of other parasites via this route [76]. Furthermore, Mundinia para-
sites are not necessarily restricted to sand fly vectors, which could facilitate their adaptation to
new regions [20, 22]. As a consequence of these dispersion patterns, it is difficult to infer
where Mundinia originally appeared.
Current phylogenies suggest that the Ghanian parasite and L. enrietti diverged within the
last 10 million years [3, 46]. These species have been observed in only a few restricted regions
implying that their native range is limited. Perplexingly, this suggests that these two parasites
diverged long after the New World separated from Africa. During the Miocene epoch there
Mediterranean basin. This time tree was calibrated by setting the node depicting the divergence of Z. australiensis and Zelonia costaricensis at 41 to 36
(mean ~39) million years ago; a minimum time estimate for the vicariance event that separated these taxa.
doi:10.1371/journal.pntd.0005215.g008
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was a warm period in central Europe which abruptly ended at ~14 MYA, when temperatures
dropped markedly to a mean annual temperature of ~14.8˚C to15.7˚C [77, 78]. Consequently,
it is unlikely that movement of Leishmania between the Nearctic and Palearctic occurred via
the northern land bridges at this time. Alternatively, dispersion of an ancestral Mundinia para-
site between the Old World and the New as recently as 10 MYA may have been facilitated by
far-travelling marine mammals (seals), or bats, which are potential hosts of Leishmania
[79–83]. Alternatively, recent satellite evidence has revealed a scattering of numerous sea-
mounts across the Atlantic Ocean [84]. At 10 MYA, these seamounts may have existed as a
large volcanic island chain that allowed movement of terrestrial organisms across the Atlantic,
but eventually eroded into the sea [85]. However, it should be noted that these possibilities are
purely speculative and not well supported by the evidence at hand.
Australia was considered free of Leishmania until the discovery of L. (M.) macropodum in
2004 [44]. Prior to the present study L. (M.) macropodum had not been formally described.
Therefore, the name it was informally assigned i.e. Leishmania ‘australiensis’, represents a
nomen nudum. However, the formal description provided herein resolves this issue. Based on
current evidence, the presence of L. (M.) macropodum in Australia is most likely the result of
vicariance; the complete separation of Australia from South America by roughly 40 MYA [3,
21]. This study infers that the divergence of Z. australiensis from Z. costaricensis, and L. (M.)
macropodum from other Mundinia parasites, occurred within approximately 3 million years of
each other, approaching the Eocene to Oligocene transition (Fig 8). Given the margins of error
associated with such predictions (S2 Fig) and the concurrence between the inferred divergence
times of these taxa, the estimates presented here are plausible. This scenario is also consistent
with the biogeography of other taxa, including the distribution of the plant genus Nothofagus
and that of marsupials, which are generally restricted to parts of Central and South America,
Australia and Oceania [3, 86].
Novymonas esmeraldas, Z. costaricensis and Z. australiensis are presumably monoxenous
trypanosomatids basal to all dixenous Leishmaniinae (Fig 6) [4, 16], and probably represent
the nearest ancestors of a parasite that transitioned from a monoxenous to a dixenous life cycle
[87]. The rigorous growth of Z. australiensis in high haemoglobin concentrations and on choc-
olate agar is consistent with a haemoprotozoan (Fig 2, S1 File) [88] and/or adaptation to life as
a parasite of hematophagous insects, which probably represents the first step in the transition
to a dixenous life cycle. While Z. costaricensis was originally isolated from a non-hematopha-
gous reduviid bug, Ricolla simillima, these insects are predatory and may have recently fed on
a hematophagous insect prior to the isolation of Z. costaricensis [89]. This is conceivable as
Novymonas which was first isolated and described from Niesthrea vincentii (Hemiptera: Rho-
palidae) has also been detected in Zelus sp. (an assassin bug) and Culicoides sp. (a hematopha-
gous midge) [16].
As parasites occupying the Novymonas/Zelonia clade (Fig 6) infect varied and disparate
hosts, it is difficult to infer their vicariance based on host distribution. Also, given the origins
of the Australian Simuliidae, their role in the dispersion of Zelonia is probably limited. Dum-
bleton [90] suggested that Simulium entered Australia from the north during what was then
referred to as the Tertiary period, between 65 and 1.6 MYA. Similarly Crosskey [25] was of the
firm opinion that Simulium entered Australia from the north via a land bridge that once con-
nected Australia and New Guinea, but no time was suggested. As Australia drifted north, the
interaction of New Guinea as the leading edge to the Australian Plate with the Pacific Plate
and others, was complex and is discussed in some detail by Craig et al. [91] in relation to for-
mation of the Solomon Islands. Given the distribution of various segregates of Simulium, colo-
nization of this genus into New Guinea could have occurred as early as the mid Eocene to
early Miocene (20 to 40 MYA). Simulium dycei is a member of subgenus Morops that is centred
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and diverse in New Guinea, an indication it is an older segregate of Simulium that colonized
this land mass originally. A good assumption would be that Simulium has been on the Austra-
lian land mass for 40 MYA at most [91].
Despite the concurrence between the inferred arrival dates of Simulium in Australia and the
appearance of Z. australiensis, it is unlikely that Zelonia was dispersed from South America to
Australia via the Nearctic, the Palearctic and then South East Asia to arrive with Simulium. If
dispersion of Leishmaniinae via this route occurred during this period, one might expect to
encounter close relatives of L. (M.) macropodum or other dixenous species in Papua New
Guinea, the Solomon Islands and/or parts of Indonesia, though no such reports exist. Conse-
quently, the available evidence suggests that the separation of Australia from South America
gave rise to Z. australiensis and L. (M.) macropodum. Zelonia probably came to infect Simulium
when this genus arrived from New Guinea around 40 MYA. Prior to this, Zelonia was likely
already in Australia, parasitizing other insect species. Indeed, investigation of other Australian
insects such as native reduviids and Culicoides spp. for infection with Z. australiensis is
warranted.
Leptomonas spp. are considered monoxenous parasites that are generally of no clinical
importance [92–94]. However, L. seymouri, originally isolated from the phytophagous cotton
stainer bug, Dysdercus suturellus [95], is capable of infecting humans opportunistically, induc-
ing co-infections with L. (L.) donovani [96, 97]. Its ability to cause human infections implies
that L. seymouri also possesses an alternate hematophagous host [98]. While they are still con-
sidered monoxenous, and are continually grouped in basal clades to Leishmania [16, 17, 99]
(Figs 6, 7 and 8), it is plausible that certain monoxenous Leishmaniinae are ancestors of transi-
tional forms that did not complete the switch to a dixenous life cycle. Indeed, monoxenous try-
panosomatids occasionally explore the dixenous niche based on multiple reports of infections
involving animals and humans [98]. Genome sequencing and transcriptome profiling identi-
fied several adaptations in L. seymouri that allow it to persist in the vertebrate host environ-
ment [100]. Furthermore, L. seymouri survived for several days in two species of phlebotamine
sand fly [100]. Given their close relationship with Leishmania, Leptomonas spp. represent inter-
esting models for studying the transition from a monoxenous to dixenous life cycle, including
the evolutionary innovations that enable parasitism of vertebrate hosts [98, 100]. Moreover,
the ability of L. seymouri to infect humans under some circumstances raises questions as to
whether Novymonas and Zelonia are truly monoxenous, or if they might also be capable of
infecting vertebrates under some circumstances, occasionally exploring the dixenous niche.
To conclude, we described the first isolation of Zelonia australiensis sp. nov. from the Aus-
tralian native black fly S. (M.) dycei in Australia’s Northern Territory. A detailed molecular
and morphological characterisation was performed to establish this assignment, including
light and electron microscopy, sequencing and phylogenetic analyses. As a result, Z. australien-
sis was identified as a sibling taxon to the monoxenous trypanosomatid, Z. costaricensis. Subse-
quently, the divergence of these species was used as a unique calibration point for a
phylogenetic time tree exploring the relationships between several species of the Leishmanii-
nae subfamily. These analyses inferred the emergence of dixenous parasitism in the Leishma-
niinae at approximately 91 MYA, in Gondwana, during the Cretaceous period. Ultimately, this
study contributes to our understanding of trypanosomatid diversity by describing a unique
Australian species, and to our understanding of Leishmania evolution by providing support
for a Gondwanan origin of dixenous parasitism in the Leishmaniinae.
Taxonomic summary for Zelonia australiensis
Class: Kinetoplastea Honigberg, 1963 emend. Vickerman, 1976
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Subclass: Metakinetoplastina Vickerman, 2004
Order: Trypanosomatida Kent, 1880
Family: Trypanosomatidae Doflein, 1901
Subfamily: Leishmaniinae Maslov and Lukes 2012 emend. Shaw, Camargo and Teixeira 2016
[12]
Genus: Zelonia Shaw, Camargo and Teixeira 2016 [12]
Species: Zelonia australiensis Barratt, Kaufer and Ellis 2017
Species diagnosis: A trypanosomatid of the genus Zelonia morphologically and ultrastructur-
ally similar to Zelonia costaricensis (previously Leptomonas costaricensis [4]) (Figs 3 and 4,
S2 File), which is its sibling taxon. When cultured axenically, individuals of Zelonia austra-
liensis exist in a variety of morphotypes as detailed in Fig 3. The species is also defined by a
set of unique sequences of the 18S rDNA, gGAPDH, RPOIILS, HSP70 and ITS1 (GenBank
Accessions: KY273490 to KY273515).
Etymology: The species name is derived from the country Australia, where the organism was
first isolated.
Type host: Originally isolated from pooled specimens of female Simulium (Morops) dycei,
Colbo 1976 (Diptera: Simuliidae) (Fig 1, S1 Fig).
Type locality: Vicinity of Darwin, Northern Territory, Australia. The precise coordinates of
isolation are provided in Table 1.
Type material: Axenic cultures are currently maintained at the University of Technology Syd-
ney, Ultimo, NSW, Australia. Cryogenically frozen material is also stored at this location.
Taxonomic summary for Leishmania (Mundinia) macropodum
Class: Kinetoplastea Honigberg, 1963 emend. Vickerman, 1976
Subclass: Metakinetoplastina Vickerman, 2004
Order: Trypanosomatida Kent, 1880
Family: Trypanosomatidae Doflein, 1901
Subfamily: Leishmaniinae Maslov and Lukes 2012 emend. Shaw, Camargo and Teixeira 2016
[12]
Genus: Leishmania Ross, 1903
Subgenus: Mundinia Shaw, Camargo and Teixeira 2016 [12]
Species: Leishmania (Mundinia) macropodum Barratt, Kaufer and Ellis 2017
Species diagnosis: The species is defined by the detailed descriptions and images provided by
Rose et al. [44] and Dougall et al. [20, 75], and by a set of DNA sequences accessible in Gen-
Bank: HM775497.1, AY495831.1, AY495830.1, AY495829.1 and FR693774.2.
Type strain: Leishmania sp. AM-2004/Leishmania sp. Roo1
Etymology: The species name is derived from the only known vertebrate hosts of this parasite
which includes several species of marsupial from the family Macropodidae.
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Type host: The parasite was first isolated from a red kangaroo, Osphranter rufus [44], though
natural vertebrate hosts of L. (M.) macropodum include several other species of Australian
macropod [75].
Type vector: Forcipomyia (Lasiohelia) spp. midges are the likely vector [20], although experi-
mental infections have been achieved in Culicoides midges [22].
Type locality: Vicinity of Darwin, Northern Territory, Australia.
Type Material: For information on type material contact the investigators who first identified
and later isolated L. (M.) macropodum [20, 44, 75].
Remarks: Barratt et al. take no credit for the discovery or isolation of L. (M.) macropodum.
This parasite has been referred to as Leishmania ‘australiensis’ in previous works in the
absence of any formal description [6, 23], making it a nomen nudum and consequently
unavailable for future use. This parasite was formally described as L. (M.) macropodum
herein, simply to avoid the continued use of a nomen nudum.
Supporting Information
S1 Fig. Morphology of female Simulium (Morops) dycei, Colbo 1976 exoskeletons (flies A
and B) following DNA extraction. This figure shows exoskeletons from two black flies (desig-
nated as Fly A and Fly B) following DNA extraction for downstream PCR. (A) Habitus of S.
(M.) dycei female (Fly B) in Euparal mounting media. (B) Mandible of S. (M.) dycei female, ser-
rated on both edges (Fly A). (C) Genital fork of S. (M.) dycei female with strongly sclerotized
shaft and basal arm (Fly A). (D) Haired anepisternal (pleural) membrane of S. (M.) dycei
female (Fly A). Few hairs are present on this specimen due to damage caused during specimen
preparation and DNA isolation, indicated by numerous pores at the site of setal insertion. (E)
Antenna of S. (M.) dycei female consisting of 11 segments with 3 basal segments paler in colour
compared to the apical segments (Fly A). (F) Wing of S. (M.) dycei female with small dark spi-
nules along costa and distally on radius, both veins are haired (Fly A). (G) Hind leg tarsomeres
of S. (M.) dycei female showing the well-developed pedisulcus and calcipala. The claw lacks a
basal tooth (Fly A). This figure confirms that the fly-derived PCR products generated in this
study are indeed from two individuals of S. (M.) dycei. Sequences obtained for the COI, COII,
18S rRNA and 28S rRNA genes from flies A and B are available in GenBank (Accession num-
bers KY288010 to KY288017).
(TIF)
S2 Fig. Phylogenetic time tree with error bars, inferring the evolutionary relationships
between Zelonia australiensisand other trypanosomatids using concatenated 18S rDNA
and RPOIILS sequences. This Supplementary Figure shows the same phylogenetic tree dis-
played in Fig 8, though with error bars provided at each node, and estimated divergence times
indicated. Estimated divergence times greater than 1 MYA are rounded to the nearest whole
number. The star highlights the phylogenetic position of Z. australiensis.
(TIF)
S1 File. Supplementary materials and methods. This file provides greater detail on several of
the methods employed in this study.
(DOCX)
S2 File. Footage of a motile promastigote of Zelonia australiensisunder phase contrast
microscopy. This footage shows a single typical promastigote cultured in NNN medium
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immediately after its isolation from S. (M.) dycei i.e. before passaging. This specimen repre-
sents one of the more common promastigote forms of the parasite. The typical, rapid, whip-
like movement of the flagellum is apparent.
(AVI)
S1 Table. Sequences used in phylogenetic analyses. This table lists the GenBank accession
numbers for all nucleotide sequences used to construct phylogenetic trees in this study.
(DOCX)
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A B S T R A C T
Fleas are commonly recorded on stray as well as domestic dogs and cats in Hong Kong. Fleas can be a major
cause of pruritus in dogs and cats and also vectors of potentially zoonotic bacteria in the genera Rickettsia and
Bartonella. Morphological examination of 174 ﬂeas from dogs and cats living in Hong Kong revealed only cat
ﬂeas (Ctenocephalides felis). Cytochrome c oxidase subunit 1 gene (cox1) genotyping of 20 randomly selected
specimens, revealed three cox1 haplotypes (HK-h1 to HK-h3). The most common haplotype was HK-h1 with 17
specimens (17/20, 85%). HK-h1 was identical to cox1 sequences of ﬂeas in Thailand and Fiji. HK-h1 and HK-h2
form a distinct cat ﬂea cox1 clade previously recognized as the Clade 3. HK-h3 forms a new Clade 6. A multiplex
Bartonella and Rickettsia real-time PCR of DNA from 20 C. felis found Bartonella and Rickettsia DNA in three (15%)
and ten (50%) C. felis, respectively. DNA sequencing conﬁrmed the presence of R. felis, B. clarridgeiae and
Bartonella henselae. This is the ﬁrst reported study of that kind in Hong Kong, and further work is required to
expand the survey of companion animals in the geographical region. The sampling of ﬂeas on domestic cats and
dogs in Hong Kong revealed them to be exclusively infested by the cat ﬂea and to be harbouring pathogens of
zoonotic potential.
1. Introduction
Fleas (Siphonaptera) are not only a nuisance to small animals,
causing irritation and allergies [1], but are also vectors of a variety of
pathogens, such as Bartonella, Rickettsia, Ehrlichia and haemoplasma
species in cats and dogs, and wildlife [2–7]. In addition, some members
of the genus Bartonella and Rickettsia have a zoonotic capacity [8–16].
In Australia and New Zealand [17,18], the predominant species
aﬀecting, both cats and dogs is the cat ﬂea, Ctenocephalides felis
(Bouche, 1835), but this might vary in diﬀerent regions of the world
[19]. Reports from Asia seem to predominantly focus on the ﬂeas of
rodents, and their potential as reservoirs of the Plague (Yersinia pestis)
[20–22], although there are scant reports on the ectoparasites (and
ﬂeas) of domestic animals [23,24]. There do not appear to be any sci-
entiﬁc reports from Hong Kong on the ﬂeas of domestic cats and dogs,
possibly a reﬂection of its lack of a local centre of veterinary research,
but anecdotally they are known to be a major irritant to the small an-
imal populations. Besides cat ﬂeas, a dog ﬂea (Ctenocephalides canis),
Oriental cat ﬂea (Ctenocephalides orientis) and human ﬂea (Pulex irri-
tans) are also frequently reported on dogs and cats worldwide or in the
case of the Oriental cat ﬂea in South East Asia [19,25,26]. Whether they
harbor pathogens is unknown, but historically Hong Kong is famously
known for the discovery of Yersinia pestis as the causal organism of the
plague [27].
The present work was aimed at providing evidence of the identity of
ﬂeas on dog and cats in Hong Kong, and whether these carry any pa-
thogens of human and/or veterinary signiﬁcance.
2. Materials and methods
2.1. Flea specimens
Fleas were collected from free-roaming cats (n = 8) and dogs
(n = 9) in Hong Kong (Table 1, Fig. 1). Fleas collected from individual
animals were stored in 70–100% ethanol in the freezer (−20 °C) until
processed.
2.2. Morphological identiﬁcation
Fleas were identiﬁed to the species level using a stereo microscope
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(5–20× objectives, BX41, Olympus, Australia). Flea species, sex and
number of ﬂea(s) per animal were recorded with the aid of available
keys and descriptions [28].
2.3. DNA extraction of ﬂeas
Twenty Ctenocephalides felis (C. felis) were randomly selected for
genotyping, targeting the cytochrome c oxidase subunit I (cox1) gene.
Total ﬂea genomic DNA was extracted using Isolate II Genomic DNA Kit
(BioLine, Australia) and eluted in 100 μL of elution buﬀer as previously
described [29]. Voucher specimens were cleared and mounted in Eu-
paral (Ento Supplies, Australia).
2.4. Ampliﬁcation of the mitochondrial encoded cytochrome c oxidase
subunit I
A 601-nt 5′ fragment of the cox1 gene was ampliﬁed in a polymerase
chain reaction (PCR) using a generic invertebrate ampliﬁcation forward
primer, LCO1490 (5′–GGT CAA CAA ATC ATA AAG ATA TTG G–3′) and
a reverse primer designed in a previous study Cﬀ-R [S0368] (5′–GAA
GGG TCA AAG AAT GAT GT–3′) [29,30]. PCR ampliﬁcation included
MyTaqTM Red Mix (BioLine, Australia) as described previously [29].
PCR products were sequenced (Macrogen Ltd., Seoul, South Korea)
deposited to GenBank (cox1: KY417905 – KY417924). DNA sequences
were assembled using CLC Main Workbench 6.8.1 (CLC bio, Qiagen,
Denmark). Phylogenetic analysis of Ctenocephalides spp. cox1 re-
presentatives obtained from GenBank was determined using MEGA 7.0
[31].
Table 1
Location, collection date and species of the host ((free-roaming) cat or dog), identity, sex
and total number of ﬂeas (n = 174) collected from 17 cats and dogs in Hong Kong, SAR
China.
ID Flea
species
Host Fleas Location Collection date
No# Female Male
CAT1 C. felis Cat 11 5 6 1 2 September 2015
CAT2 C. felis Cat 12 10 2 1 9 September 2015
CAT3 C. felis Cat 12 10 2 1 10 September
2015
CAT4 C. felis Cat 11 8 3 1 14 September
2015
CAT5 C. felis Cat 8 3 5 1 22 September
2015
CAT6 C. felis Cat 10 6 4 1 23 September
2015
CAT7 C. felis Cat 9 8 1 1 29 September
2015
CAT8 C. felis Cat 12 9 3 2 6 November 2015
DOG0 C. felis Dog 8 6 2 1 July/August 2015
DOG1 C. felis Dog 11 9 2 1 2 September 2015
DOG2 C. felis Dog 8 7 1 1 7 September 2015
DOG3 C. felis Dog 10 10 0 2 6 November 2015
DOG4 C. felis Dog 9 9 0 2 6 November 2015
DOG5 C. felis Dog 10 4 6 2 11 November
2015
DOG6 C. felis Dog 11 11 0 2 6 November 2015
DOG7 C. felis Dog 11 11 0 2 6 November 2015
DOG8 C. felis Dog 11 10 1 2 17 October 2015
Total 174 136 38
Location 1 (Latitude 22.3964 N; Longitude 114.1095 E).
Location 2 (Latitude 22.4950 N; Longitude 114.0696 E).
 AL345-1 Czech Republic
 AL250-1 New Zealand
 AL349-2 Czech Republic
 AL351-5 Czech Republic
 AL249-1 New Zealand
 AL020-1 Australia
 AL354-2 Czech Republic
 AL597-1 India
 AL244-1 New Zealand
 AL351-3 Czech Republic
 CJ002030-1 Romania
 AL056-1 Thailand
 AL023-1 Fiji
 HK-h1
 AL083-4 Seychelles
 AL083-1 Seychelles
 AL083-5 Seychelles
 AL867-1 USA
 RC006-1 Australia
 AL143-1 Fiji
 AL086-1 Australia
 RC007-1 Australia
 AL027-1 Fiji
 AL342-5 Czech Republic
 AL332-1 Romania
 AL596-1 India
 AL599-1 India
 AL600-1 India
 AL058-1 Thailand
 AL602-1 India
 Echidnophaga ambulans ambulans
 Echidnophaga gallinacea
 Ceratophyllus gallinae
 Bradiopsylla echidnae 
100
92
67
100
89
90
99
93
99
86
94
72
100
100
88
9472
57
68
92
56
0.020
cox1 (601 nt)
C. orientis
C. canis
C. felis
17x Hong Kong
Clade 1
Clade 2
Clade 3 
Clade 4 
cf C. f. strongylus
Clade 5
Clade 6
 HK-h2 1x Hong Kong
 HK-h3 2x Hong Kong
Hong Kong
Ctenocephalides
20 km
Fig. 1. Phylogenetic analysis of cat ﬂeas (Ctenocephalides felis) from Hong Kong. The evolutionary history of the cox1 was inferred using the Minimum Evolution (ME) method. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches (> 50%). The evolutionary distances
were computed using the Kimura 2-parameter method and are in the units of the number of base substitutions per site. The analysis involved 41 nucleotide sequences of cox1mtDNA. The
analysis involved 36 nucleotide sequences. All ambiguous positions were removed for each sequence pair. There were a total of 601 positions in the ﬁnal alignment. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Outgroup is indicated by dotted branches. Evolutionary analyses
were conducted in MEGA7. The inset shows the Hong Kong map and locations (stars) from where the animals with ﬂeas were collected from.
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2.5. Real-time PCR for simultaneous detection of Rickettsia and Bartonella
spp.
A TaqMan® probe real-time PCR for Rickettsia and Bartonella species
targeting the citrate synthase (gltA) gene and ssrA gene was used, re-
spectively [32,33]. Multiplex real-time PCR (total volume 20 μL) was
run in duplicate, with 2 μL and 4 μL of template DNA, with SensiFAST
Probe No-ROX Kit (BioLine, Australia). Real-time PCRs were run on
CFX96 TouchTM Real-Time PCR Detection System (BioRad, Australia)
and analysed using BioRad CFX Manager (BioRad, Australia) as pre-
viously described [34]. Positive results were determined if both repeats
yield satisfactory cycle threshold (Ct) values (Ct < 38.00). Suspect
results were determined if one or more repeats yield Ct≥ 38.00 and
negative results were determined if both repeats did not cross the
threshold (Ct > 40). Positive Bartonella results were sent to Macrogen
for sequencing (Macrogen Ltd., Seoul, South Korea). For Rickettsia
speciation, positive and suspect samples were subject to conventional
nested PCRs targeting the outer membrane protein A (ompA) gene and
citrate synthase (gltA) (Stenos et al., 2005). MyTaqTM Red Mix (Bio-
Line, Australia) and 2 μL or 4 μL of template DNA was used for the
25 μL nested PCR reaction as previously described [34]. PCR amplicons
were sent to Macrogen (Macrogen Inc., Seoul, South Korea) for se-
quencing. The sequences have been deposited in GenBank (ssrA:
KY417892 – KY417894; gltA: KY417882 – KY417891; ompA:
KY417895 – KY417904). Assembled DNA sequences in CLC Main
Workbench 6.9.1 (CLC bio, Qiagen, Denmark) were aligned using re-
ference ssrA Bartonella sequences and gltA, ompA Rickettsia sequences
available from GenBank.
3. Results
All ﬂeas (n = 174) collected were morphologically identiﬁed as the
cat ﬂea, Ctenocephalides felis. There were 136 female and 38 male ﬂeas
(Table 1).
Genotyping of twenty randomly selected specimens, revealed three
cox1 haplotypes (HK-h1 to HK-h3). The most common haplotype was
HK-h1, with 17 specimens (17/20, 85%).
Sequence comparison and phylogenetic analysis revealed that the
cox1 haplotype HK-h1 was identical with sequences from Thailand and
Fiji previously recognized to form a separate Clade 3 (Clade II sensu
Lawrence et al. [29]) (Fig. 1). The cox1 haplotype HK-h2 had only
single nucleotide diﬀerence from HK-h1 and therefore also belonged to
Clade 3 (Fig. 1). The cox1 haplotype HK-h3 forms a new sister clade to
the recognized cat ﬂeas from Fiji and tropical Australia (Cairns region
in northern Queensland) (Fig. 1). The haplotype HK-h3 possess 3 nu-
cleotide diﬀerences (3/601) from cox1 obtained from a cat ﬂea from
Cairns, Queensland, Australia (KF684897).
The multiplex Bartonella and Rickettsia real-time PCR of 20 C. felis
found Bartonella and Rickettsia DNA in three (15%; Ct-value range
24.44–26.80) and ten (50%; Ct-range 21.34–32.89) C. felis, respectively
(Table 2). There were two (10%, 2/20) samples which were late am-
pliﬁers (Ct > 39.00) in one out of two diagnostic real-time PCR, and
these were regarded as ‘suspect’ positive for Bartonella. Negative control
reactions, using PCR-grade water, revealed no observable ampliﬁca-
tions.
DNA sequencing of the real-time PCR products (n = 3) of the
Bartonella ssrA gene revealed two sequences 100% identity with
Bartonella clarridgeiae (JN982716) and one sequence almost identical to
Bartonella henselae Houston-1 strain (JN029785; single mismatch 1/
252). Real-time PCR Rickettsia positive samples (n = 10) were subject
to conventional nested PCRs targeting the gltA (654 nt) and ompA
(879 nt) genes to determine Rickettsia species. All samples were suc-
cessfully ampliﬁed and the DNA sequences were 100% identical with
gltA and ompA genes of Rickettsia felis (CP000053) (Table 2). Ampliﬁ-
cation of the suspect Bartonella positive samples for gltA and ompA
genes remained negative, therefore the two suspect samples were
considered negative.
4. Discussion
Assessment of ﬂeas collected in Hong Kong identiﬁed the cat ﬂea (C.
felis) as the predominant species, and is in agreement with other recent
studies in China, Australia, New Zealand and Central Europe
[17,19,24]. All ﬂeas collected from Hong Kong cats and dogs collected
in the present study were identiﬁed as C. felis. We did not identify the
Oriental cat ﬂea (Ctenocephalides orientis), considered to be equally
Table 2
Summary of Rickettsia and Bartonella diagnostics on DNA isolated from ﬂeas on dogs and cats in Hong Kong.
Identiﬁer Host Rickettsia real-time PCR Bartonella real-time PCR
#1 Ct #2 Ct Avg. Ct Speciesb #1 Ct #2 Ct Avg. Ct Species
AL810-1 Cat Neg Neg – Neg Neg –
AL811-1 Cat Neg Neg – Neg Neg –
AL812-1 Cat 23.82 22.47 23.15 R. felis Neg Neg –
AL813-1 Cat 22.01 20.67 21.34 R. felis Neg Neg –
AL814-1 Cat 33.24 32.54 32.89 R. felis 25.09 23.79 24.44 B. clarridgeiae
AL815-1 Cat Neg Neg – 27.10 25.28 26.19 B. henselae
AL816-1 Cat Neg 39.18a n/a Neg Neg –
AL817-1 Dog Neg Neg – 27.45 26.16 26.80 B. clarridgeiae
AL818-1 Dog Neg Neg – Neg Neg –
AL819-1 Dog Neg Neg – Neg Neg –
AL859-1 Dog 21.94 21.18 21.56 R. felis Neg Neg –
AL860-1 Dog 23.68 23.23 23.45 R. felis Neg Neg –
AL861-1 Dog 23.35 22.49 22.92 R. felis Neg Neg –
AL861-2 Dog 23.89 23.11 23.50 R. felis Neg Neg –
AL862-1 Dog 21.70 21.18 21.44 R. felis Neg Neg –
AL862-2 Dog 22.46 21.81 22.13 R. felis Neg Neg –
AL863-1 Dog 22.07 21.63 21.85 R. felis Neg Neg –
AL863-2 Dog Neg Neg – Neg Neg –
AL864-1 Dog 39.20a Neg n/a Neg Neg –
AL865–1 Cat Neg Neg – Neg Neg –
#1 Ct, #2 Ct – real-time PCR run Ct value (see Materials and methods).
n/a – not applicable, because negative result in conventional nested PCR.
a Suspect positive, conventional nested PCR negative.
b Determined using conventional nested PCR amplifying gltA and ompA regions.
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common to C. felis in South East Asia and India [26,29].
Cat ﬂeas on Hong Kong cats and dogs are likely derived from a
multitude of geographical regions, as demonstrated by the genotyping
in our study that suggests close relatives in places as far away as Fiji,
Northern Tropical Queensland in Australia and Thailand. Genotyping of
C. felis at cox1 demonstrated diverse clades within C. felis
[18,19,26,29,34]. Most Hong Kong cat ﬂeas were identical to those
previously barcoded in Thailand (Clade 3 sensu [29]), suggesting that
such cox1 barcode is more prevalent in South East Asia. In addition, we
have further identiﬁed ﬂeas that fell into a new Clade 6 forming a sister
group to those found Fiji and Tropical Queensland [29]. The sig-
niﬁcance of the cox1 barcodes and the ecology of the ﬂeas is not known,
but it was shown that an African subspecies of C. felis development was
moderately diﬀerent to C. felis from Europe [35].
Cat ﬂeas are also known to be potential vectors for B. clarridgeiae
and B. henselae and R. felis [2,12,13,16,36]. B. henselae is associated
with cat scratch fever and R. felis with cat-ﬂea typhus, and may cause a
febrile illness in humans that could be misdiagnosed [12,13,16,36,37].
The potential for B. clarridgeiae to cause human disease, however is
unknown. Dogs were suggested to be the reservoir for R. felis [38]. In
Hong Kong, the cat ﬂeas on both dogs and cats were found to be po-
sitive for R. felis DNA, implying that ﬂeas from either species can po-
tentially transmit the bacterium.
In conclusion, our study adds new data on cat ﬂea diversity and the
pathogens they can carry in Hong Kong, and complementing regionally
and globally growing dataset [16,36].
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